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ABSTRACT 


This thesis reports an experimental study of 
the extrinsic photoluminescence of cuprous oxide. 

While primarily a detailed description of the deve- 
lopment and nature of the specific apparatus used, it 
also includes a broad historical review of previous 
work and some preliminary results from our current 
research. 

The system developed uses a tunable pulsed dye 
laser to excite photoluminescence, and a minicomputer 
system for data acquisition. 

The luminescent output is measured as a function 
of temperature and excitation wavelength. It is found 
that the behavior of the 0.93 uw luminescence is con- 
siderably different from that of the 0.72 uw and 0.83 yu 
luminescences, the 0.93 wu temperature function eee 
with changes in excitation wavelength. Further there 
is tentative evidence that the excitation functions of 
the 0.72 wu and 0.83 uw luminescences differ. Neither of 


these results has been directly reported in the litera- 


ture. 
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CHAPTER 1 


INTRODUCTION AND HISTORICAL BACKGROUND 


LSOesineroduction 


The work presented here is an incomplete attempt 
to resolve some difficulties and contradictions in the 
observations and theory of the photoluminescence of 
cuprous oxide. It is primarily an experimental effort 
concerned with the utilization of a pulsed dye laser as 
a variable wavelength high power source of stimulating 


radlaciLton. 


1.1 Historical Background 


The study of the optical properties of Ccuprous 
oxide has been intimately related to the theory of the 
exciton. In its simplest conception (following Mott, 
and Gurney and Mott7) an exciton can be thought of as 
a hydrogenic system formed in a semiconductor and 
consisting of a positively charged hole bound by Coulomb 
attraction to a negatively charged electron. The energy 
levels are usually approximately hydrogenic in structure 
and are specifically determined by the effective masses 


of the hole and electron and other details of the semi- 


conductor's structure and properties. Further, the energy 
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required to form an exciton is just slightly less than 
the energy required to excite an electron into the con- 
duction band. This is very natural if one considers 
attainment of the conduction band to be equivalent to 
the n=~ state of the exciton. As cuprous oxide has a 
fairly complicated band structure (including several 
valence bands), it is possible for more than one type of 
excitonic system to exist (see figure 1-1). 

The theory of Gurney and MOEes (1939) considered 
excitons aS important to absorption, but defects as the 
source of luminescence. Their thermodynamic model for 
luminescence is based on very simple probability and 
energy level considerations. If we assume that the 
energy levels at a defect are likely to be spatially 
dependent, and we specifically assume a ASpennence like 
the one shown in figure 1-2 where the bands closely 
approach each other at a finite distance from their 
minima, two principal modes of decay are suggested: 

1. a direct transition from the minimum of the 
upper band resulting in the emission of a photon, or 

2. an indirect transition involving the absorp- 
tion of heat at the upper level which allows the electron 
in the excited state to spatially move out to point C 
and switch bands. The Majority of the electron's energy 
will then be lost in heat as the electron settles to 


DOING Ay 


vm at 


7 eaehienyo ond 2i Tames yey ai | 
oo anéleviops 22 od Bysd aciasuhscy aie 20 
# Bet Shino emegno aA enenrd a wt to ape =atel 
th Lexovor pal@utont) etigorsie bred, bedsmbigmbe ae ny 


a 
Z 


to ete ono ted? spam tot afdigac af Jf y (ebeed 
it puypra set) teixe oS mies ovation (aa 
beskihenos 2tGh? “ddoM Bas’ yeas”) 20 yabedd em 
ond - a6 e4osteb jad ,moltyuoeds oc jnsaioget 36 ecodiona 
' 462 [sion Shien yoonaalt tionl. .sonessenigvil to soa 
bns veltirdpdesa alguien yiey 4s beeeel zt eoceorentiowt 
stit 2407 smvaes ow 7! (anc) 2e2450 canes Levee Yeap | y 
yifsizege sh 09 yietit otc opie « ite alpwer ‘ose | 
adit sonshiegss 6 smiapes \(Le7ritoeas. ow Fan tashiege’ 
yiseois aimed ada: stetiw gut akvye ud Qwode ian ae > 
—<teld ox? eonedail stinzt 5 36 tedte gose Aseokqas - . 
hedeapune gin yYeveb to eBshom Laqrontig: ows , <smection 
att 2o- aumtintm edo wesw) cu. dhenats Joetih 2 .t = 
7 1 mat Orley @ 4a pores ins sit oi omits ivaen brad 3 ‘ 
pqtosds sao gaivieval acistanss: soeutbat me 48 
aoxtaesy srs Heotts daitw Tevet xegqu sity 26 Saad 36 
fF, ditiny oF dud! evom Mihatyege oy 29ade baions 
pigansoeie ost ty etbiagrut ed? sbmad te im oa 
oo a pacrarcaan dead rm aud Siw 


Conduction 
Bands 


Valence 
Bands 


Figure l-] Y€xcitons & The Band Structure of Cu,0 


Figure le? Band Structure For The Model of 
Mott and Gurney 
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lel us suppose that ‘the probability of the first 
type of decay is A. The second decay will be dependent 
upon the available thermal energy and will have (in the 


Simple Boltzman approximation) probability 


where AE is the energy difference between the excited 
state minimum and the crossover point. The probability 


of luminescent emission will therefore be given by: 


A al 
L(T) = Pps eee yar ° 
A+ Be AB/ KT 1+ (B/a)e 4 kT 


It is very interesting to note that a very similar 
formula for the thermodynamic behavior of luminescence 
can be arrived at with Fermi-Dirac statistics applied to 
an electron with an available excited state. If one 
considers the luminescence to be proportional to the 
number of electrons available for excitation from the 
ground state at temperature T, then the temperature de- 


pendence of luminescence will be given by: 


‘i 1 
el) eats See AE eo e 
1+ ehE kT ee AE/KT 


This formula is very similar to the formula of Gurney and 
Mott except for the absence of the factor preceding the 
exponential. As a result the temperature dependence of 


the simple Fermi-Dirac occupation model is limited to a 
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drop to 1/2 of the low temperature maximum, whereas the 


Gurney-Mott luminescence may drop to 


pees 
LT +~ (B/A) 


which can be arbitrarily small (depending on B/A). It 
is difficult to find conventional arguments for such a 
factor in a Fermi system. 

Luminescence in CuO is well known and has been 
studied extensively over a long period of time with a 
great variation in results. Luminescence in the region 
of 1 micron was first reported by M. Seibt? EIN Pap SES 
After the war the luminescence was independently redis- 
covered by V.E. Lashkarev and K.M. Kossonogova- (1946) 
who made three important observations: 

1. That the luminescence was between 0.9 and l 
microns; 

2. That the luminescence yield varied widely from 
sample to sample depending upon sample preparation and 
was greatest for samples annealed in a vacuum; 

3. That the luminescence was strongly temperature 


dependent and approximately followed the formula of 


Gurney and Mott: 


b= 3 —RE/KT : 
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Interest blossomed and in the next few years a 
number of papers reporting on various aspects of the 
luminescence were published. Karkhanin> (1952) published 
the first curve showing the distribution of the lumines- 
cence over its output wavelength. The curve is bell 
shaped with a maximum in the vicinity 0.96 wu and a half- 
width of about 0.1 u. This was confirmed by Garlick and 
Dumbleton® (1954). The peak was observed to shift with 


7 (1954) who further 


temperature by Karkhanin and Lashkarev 
studied a large number of samples. These findings were 
later confirmed by many other authors. 

Tolstoi and Tkachuk’ (1954) investigated the time 
relaxation characteristics finding a very fast exponential 
decay with a lifetime of approximately 4x107° seconds. 
They further found that the relaxation time was independent 
of excitation intensity but increased anomalously with 
increasing temperature. A more extensive paper discuss- 
ing experimental techniques and covering the investiga- 
tion of a large number of samples prepared in different 
ways was published by Tolstoi, Tkachuk, and Preobrazhensky” 
(USS ii) ee 

The excitation characteristics (i.e. the lumines- 
cent output as a function of excitation wavelength) were 


investigated by Karkhanin> (1952), Garlick and Dumbleton® 


(1954), Karkhanin and Lashkarev’ (1954), and by Garlick?® 
(1956) with disagreement between the Soviet and English 


authors. 
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With the growing number of results it was natural 
that more specific theoretical conjectures on the nature 
of the luminescence would be made. It is important to 
realize that parallel research on the other properties 
ou CuO was yielding some interesting results. Most 
Significant was the observation of a hydrogenic series 


in the optical absorption edge of Cu 
anit 


72 by Gross and 


Karriev (1952). ‘This was the first direct evidence 


of the existence of excitons (in CuO or any other 


2 
substance). 

It was with this background of: supporting data 
that Karkhanin and Lashkarev’ (1954) wentured some 
theories on the mechanism of the IR luminescence. They 
were aware that the luminescence was greatest in oxygen 
rich samples, and that the luminescence increased at 
low temperatures where electrical resistance was high. 
They were further aware that CuO is generally a p-type 
semiconductor and suspected that copper vacancies were 
responsible for the acceptor levels. These results 
supported the idea that the luminescence had its origin 
in decays at un-ionized copper vacancy defects. 

Karkhanin and Lashkarev further applied a strong 
electric field to the sample, capable of removing 


(according to their estimation) more than 90% of the 


photoelectrons generated by optical excitation. Under 
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a. Luminescence 
Output at 20 C 


b. Luminescence 
Output at ~183 C 


A. Optical Absorption 
(0.3 mm Sample) 
in % 
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Figure l-3 The Optical Data of Karkhanin & Lashkarev’ 
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Figure l-/, Temperature Dependence Observed by 
Karkhanin and Lashkarev’ 
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these conditions they observed virtually no change in 
the photoluminescence. This,in conjunction with their 
observation of a change in luminescence, yields for 
excitation wavelengths greater than 0.65 uw (the optical 
absorption edge) led them to believe that (at least in 
the visible) the luminescence was excited through the 
creation of excitons rather than through the stimulation 
of photoelectrons. 

Their model then was one in which optical excita- 
tion created excitons which were then captured by un- 
ionized copper vacancies where the excitons decayed 
giving off luminescence (with the remaining energy and 
recoil absorbed by the lattice). 

Photoconductivity also seemed greatest in oxygen 
rich samples and increased approximately exponentially 
with temperature. This encouraged Karkhanin and Lashkarev 
to make direct comparisons with the excitonic theory 
of photoconductivity developed by Zhuze and Ryvkin?@ 
(E952): 

These concepts are amplified in a review by 
erilioes> (1955). In his view optically created excitons 
will decay in one of two ways upon encountering a copper 
vacancy (see figure 1-5). If the acceptor level created 
by the vacancy is occupied the decay of the exciton will 


give rise to a free electron in the conduction band. If 


the acceptor level is empty the decay will result in the 
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Figure l-5 (After Grillot?3) 
Mechanism for Photoconductivity and Luminescence 
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Optical and photoconduction response spectra 
of a cuprous oxide layer. a Optical transmission. b Photo- 
conduction. c Luminescence excitation spectrum. 
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Figure 1-6 Data of Garlick? 
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luminescent emission of a photon. The complementary 
thermal behavior of photoconductivity and luminescence 
then follows as a natural consequence of the thermal 
Filling of the acceptor states at the copper vacancies, 
(Any difficulties with the Fermi-Dirac statistics are 
ignored.) 

Tolstoi's anomalies in relaxation time may then 
be detached from the dominant effect and explained by 
changes in exciton mobility. Tolstoi-* (1957) reviewed 
these concepts and extended them with the conjecture 
that the relaxation time anomaly could be related to 
temperature changes in the lifetime of the acceptor- 
exciton complex which would have no effect on the total 
luminescence yield. This specific conjecture was 
contested by Khas !> (1965) who claims to prove theoreti- 
Cally that an ©xciton-acceptor complex should have a 
lifetime of greater than ae seconds (too long to 
correlate with any of the experimental results). 

A somewhat different approach is taken by Garlick 
(1956) who first notes similarities in the excitation 
curves of the 0.93 y luminescence and the photoconduc- 
tivity (see figure 1-6), both showing peaks at 0.6 yu and 
O28 Te (It is worth noting that these curves differ 
substantially from those of Karkhanin and Lashkarev’, 


and that strong excitation at 0.8u is impossible with a 


purely excitonic mechanism. ) 
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Garlick then, combining this with astute aon S 
son of thermal activation energies (and using the 
difference between the static and optical dielectric 
constants), is able LO construct. a two level model, tor 
the excitation of electrons from the valence band (see 
figure 1-10); Garlick in fact uses the early results of 


re (1949) and Lashkarev and Kossonogova’ 


Zhuze and Ryvkin 
(1946) as a basis for the positioning of the thermal 
levels: the lower level from photoconductivity activation 
energies, and the upper from the luminescence activation 
energy reported by Lashkarev and Kossonogova. 

On the basis of this scheme Garlick accounts for 
the observed luminescence as the result of transitions 
from the conduction band to level B {see figure 1-10), 
and predicts at low temperatures (when level A will be 
empty) a new luminescence at about 0.7 u. 

It was then with some excitement that Bloem and 
Van der Houven van Oorde! (1956) announced in the same 
year the observation of this new luminescence. [In fact 
they also observed a third luminescence at 0.83 u which 
they believed to be due to a splitting of the A level. 
More detailed analysis appears in a later paper (Bloem*® 
(1958)) and it is this work that we will review. 

In much of the preceding work a sample to sample 
variation in properties has been noted (in fact, some 


author to author disagreement may be due to this varia- 


tion). The most important parameter affecting the 
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Luminescence emissicn spectra of some Cu,O samples at 20 °K (intensities in arbi- 
trary units). 


Figure 1-7 ‘mission as Observed by Bloem and 
Van Der Houven Van Oordt?? 
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luminescence and other properties is the non-stoichiome- 
try of the samples - that is the extent to which the 
samples are oxygen rich or copper rich. Bloem's prin- 
cipal study was of the precise effects on luminescence 
(and conductivity) of controlled variation in sample 
preparation. His polycrystalline samples were annealed 
at 960 C under carefully controlled partial pressures of 
oxygen. When equilibrium conditions were reached the 
samples were quenched in water. 

By means of thermodynamic arguments Bloem is able 
to estimate the concentrations of various vacancies (and 
complexes of vacancies) present in the samples thus 
prepared. By comparison between the estimated concen- 
trations of vacancies (and complexes) as a function of 
oxygen pressure (during preparation), and the observed 
dependencies of luminescent output on oxygen pressure, 
he 1S able to make/infterences as to the defects respon- 
sible for the various luminescences (see figures 1-8 and 
oir 

Bloem's conclusions then are: 

1. That copper vacancies, ionized V ie and un- 


(e: 


ionized Vou! are responsible for the 0.9 uw luminescence. 


2. That the 0.7 7 (and 0°8 vu) Lumanescences may 


be related to the V,- ionized oxygen vacancies, or to the 


neutral complexes Vo7Veuyt> 
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Figure 1-8 Dependence of Luminescence Emission on 
Oxygen Pressure During Preparation 
(After Bloem=® ) 


log conc. (cm~3) 
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Situation after cooling with internal rearrangements taken into account (see text). 


Figure 1-9 Theoretical Results of Bloem2® 
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Energy-level diagram for optical and thermal transitions proposed by Garlick 


Figure 1-10 The Band Scheme of Garlickl? 


4 Thermal 


Proposed energy-level diagrams for optical and thermal transitions. 


Figure 1-11 The Band Scheme as Modified by Bloem!® 
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Bloem further constructs an energy level model 
(based on luminescence and absorption) very Similar to 
Ciae Of Garlick (see stigure 1-11). The band gap tor the 
thermal model is adjusted however to agree with more ac- 
CUraLG results on the static dielectric constant of Cu,0. 

At about this point in time research into the 
luminescence of CuO split in many directions. lLumine- 
scence generated by means other than optical excitation 
is reported by Frerichs and Weichman’~ (1958) who 
observed luminescence at 0.9 uw excited by an electron 
beam. This is followed by papers on ordinary electro- 
luminescence at contact junctions by Frerichs and 
Handy~? (1959), and by Frerichs and rape nace (E959) ee 

In an apparent reversal of the early conclusions 
of Karkhanin and Lashkarev/! (1954) work by Vorob'ev and 
Karkhanin-- (1961) and by Peka and Karkhanin-~ (1961) 
revealed that the presence of an electric field (generated 
either directly or by immersion in ionic solutions) seemed 
to affect the 0.96 uw photoluminescence of Cu,0. This was 
the beginning of a long series of papers (see references 
23 ed Ae ae Olen lip re © parc) 

The presence of this effect was not held to be 
COntragictrory with the exciton capture model) for Tumines=— 
cence, the explanation being that the electric field 


decreases the number of neutral acceptors available as 


Sites for decay. 
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One useful and interesting by-product of this 
research was the observation that changes in the 
atmosphere surrounding the sample (e.g. vacuum, moist 
air, or dry air) could strongly affect the luminescent 
output (see references 30, 31, and 32). This correlates 
with three arguments: 

1. that slight changes in the oxygen content 
(stoichiometry) will affect the luminescence; 

2. that additional centres are adsorbed near 
the surface and non-radiatively capture excitons; 

3. the already mentioned field effects. 

A more recent development of great interest is 


33 of direct 


the 1968 discovery by Gross and Kreingol'd 
recombinational exciton luminescence. A sharp peak 
was observed in the vicinity of 6150 A which corresponds 
to the recombination of a "yellow" series exciton in the 
n=1 state. Also observed were phonon satellites ‘of 
this line. This was the first observation of intrinsic 
luminescence in Cu,0. This luminescence has since been 
extensively researched (see references 34, 35, 36, 37, 
SO oo; e407) 41, 42, 45,744, 45, 46, and ws The basic 
consequences of this research have been: 

1. The determination of the energies of the 
characteristic phonons of the Cu50 lattice through 


careful measurements of the energies of the phonon 


replicas of the recombinational line. 
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2. Some results on the temperature dependence of 
these lines. 

3. The observation of exciton electroluminescence. 

4, A new awareness of the importance of sample 
preparation and the development of new sample prepara- 
tion techniques. 

5. The possible detection of some further exciton 
resonances, 


ae (1975) claim 


Recently Bairamov and Khaskhozhev 
to have observed further intrinsic luminescence in the 
ultraviolet. 

Cuprous oxide is usually prepared by the high 
temperature oxidation of copper. By careful adjustment 
of the temperature and oxygen pressure sample stoichio- 
metry can be approximately controlled (see Bloem?®) 
Unfortunately vacancies will be generated at these high 
tenperacures and “frozen in” in,cooling,.. Further, the 
high temperature transformation from copper to cuprous 
oxide lattices produces great strain and a large number 
of dislocations in the crystal. Annealing will some- 
what relieve this situation and allow the growth of 
large crystals. The material produced will however 
still be rich in defects and under strain. 

In their search for exciton luminescence Gross 


e 


and Kreingol'a> employed a new technique developed by 


Kinoshita and Nak ance (1967) for chemical ly growing Cu,0 
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crystals from seed at lower temperatures. The Soviet 
study of exciton luminescence has been made principally 
with these crystals. References 50, 51, and 52 discuss 
the effects of crystal growth techniques on luminescence. 
The basic result of this research is that only the new 
lower temperature crystals (or very carefully recrystal- 
lized high temperature crystals) will show good exciton 
luminescence. Further, these "good" crystals do not show, 
or show only weakly, the extrinsic luminescences. The 
decreasing extrinsic luminescence of the new crystals is 
of interest in that with more detailed study it could be 
used to evaluate the types and quantity of defects 
present in crystalline Cu,0. 

Returning however to the main stream of research 
on the extrinsic photoluminescence we find some new 
interpretations. The existence of three excitable lumin- 
escent emissions at 0.72 u, 0.83 u, 0.93 uw was confirmed 
by Gorban, Rudko, and Si Ashlea > (1961) who further 
confirmed the strong temperature dependence of the 0.7 u 
luminescence which appears only at low temperatures. 

From the energies of the three luminescent outputs they 
postulated in a straightforward manner an energy level 
scheme (see figure 1-12). Following Karkhanin and 
Lashkarev/ they maintained that exciton capture excited 


the luminescence at the defects, and that capture was 


only possible when the acceptor levels at the defect were 
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Figure lel2 The Model of Gorban, Rudko and Shishlovskii?? 
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unoccupied. This allowed a simple thermodynamic model 
following slightly modified Boltzman statistics and 
basically reproducing the formula of Gurney and Mott. 

In a slightly later paper Gorban, Gritsenko, and 
Budko: (1961) observed extra components in the time 
decay curve of photoconductivity in samples which display 
0.7 u and 0.8 u luminescence. They then extend their 
analysis based upon theie previously postulated energy 


scheme. 


This model of excitation and luminescence is 


strongly challenged by Vorob'ev and Karkhanin>’ (1962) 
who studied the excitation spectrum of the 
0.7 up - 0.8 uw luminescences (see figure 1-13) and found 


in it a reflection of the luminescence output spectrum. 


They further report (ina siightly earlier paper 


oe (1962)) a relaxation time 


8 


Karkhanin and Vorob'ev 
for the 0.7 - 0.8 uw luminescence of about 4x Lor 
seconds. 

Their model of intracentre excitation at defect 
levels is extended in a later paper (Vorob'ev and 
Rarknanin: (1963)) containing results from several 
new experiments. They report: 

1. Some polarization (about 10%) of output for 
0.60- 0.68 uw excitation of the 0.7- 0.8 yw luminescence. 

2. The excitation of 0.93 pn luminescence by 


light in the 0.65- 0.78 u region (previously reported 
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Excitation spectrum of the short-wave- 
length liminescence of cuprous oxide. 
Sample No. 1. The ordinate axis gives 
(in relative units) the luminescence 
intensity per unit energy of the incident 
light. 


Figure 1-13 Excitation Spectrum Observed by 
Karkhanin and Vorobtev?’ 
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by Garlick? 


he 

3. A sharp increase in the lifetime of the 0.93 yu 
luminescence with excitation at wavelengths greater than 
OS Gan ile 

From this they conclude: 

l. That the 0.7- 0.8 u luminescence is largely 
the wesultior intracentre excitation. 

2. That there are two mechanisms for the 0.93 u 
luminescence, direct intracentre excitation in the long 
wavelength excitation region with possible exciton 
capture at shorter wavelength excitation. 

Their model is approximately based upon the band 
scheme of Bloem, and accounts for the thermal quenching 
of the 0.72 uw luminescence by assigning to the lower 
acceptor level the characteristics of a hole trap. Thus 
with a large number of holes in the valence band at high 
temperatures the acceptor levels are kept empty by 
repeated trapping of holes and the luminescence is 
quenched. 

The next attempt at a model is made by Gorban and 
Rudko>” (1967) who combine measurements of excitation, 
absorption, and luminescence (see figure 1-14) to pro- 
duce an elaborated energy level scheme (see figure 1-15). 
Excitation is assumed to be intracentre for most cases 
with a possible contribution to the 0.93 yw luminescence 


from excitonic capture in the visible region. Their 
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Absorption spectrum (curve 1), photolumines- 
cence spectrum (curve 2), and excitation spectra for 
long-wave (curve 3) and short-wave (curve 4) photo- 

luminescence of Cu,O crystal at 717 K. 


Figure l-14 The Optical Data of Gorban & Rudko?? 


The energy Ievels 
of copper-oxide crystals. 


Figure 1-15 The Impurity Band Scheme? 
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data arealso notable in that they report evidence of an 
additional band at 1.01 uy. Unfortunately, their model 


correlates only weakly with the other properties of Cu.O. 


Z 
The most recent Soviet model is that of Bonch, 


Bruevich and Toler 


(1971). It is based upon some 
interesting new observations: 

1. That the relaxation time of the 0.72 iu and 
the 0.83 u luminescences are different. 

2. That the output of 0.83 uw luminescence increases 
in the temperature range where the output of the 0.72 u 
luminescence sharply drops. 

3. That at high excitation intensities the out- 
put of the 0.72 yu luminescence seems to increase at the 
expense of the 0.83 wu luminescence (see figure 1-16). 

The first observation gravely damages the model 


7 which makes little distinc- 


of Vorob'ev and Karkhanin 
tion between these luminescences. The second observation 
is in direct contradiction with the 1967 model of Gorban 
and Rudko>> which predicts approximately the same thermo- 
dynamic behavior for the 0.72 yw and 0.83 y luminescences. 
On the basis of these new results a model is 
proposed for the 0.72 uw and 0.83 u luminescences. It 
assumes that oxygen vacancies introduce a pair of low 
lying acceptor states (see figure 1-17), and that exci- 
tation of the singly ionized defect produces 0.72 u 
luminescence, and excitation of the neutral defect pro- 


duces 0.83 uw luminescence. Further it is assumed that 
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Fig. 2. Dependence of the normalized yield of (1) SL, and (2) ML 
on the excitation intensity. m9 is the value of the yield ccrre- 
sponding to the region of linear change of intensity of the steady 
state luminescence with variation of E. T = 77K, interband 
excitation. 


Figure 1-16 Superlinearity Observed by 
Bonch=-Bruevich and Tolstoi 
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Figure 1-17 The Model of Tolstoi and Bonch-Bruevich 
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decay in a neutral defect is to the upper acceptor level. 
Local and lattice excitation mechanisms are Both allowed. 
In this way at high excitation intensities in 

the visible, holes will be generated in the valence band 
and the trapping of these holes will convert the 0.83 u 
centres to 0.72 wu centres. The efficiency of the 0.83 u 
emission will therefore decrease, while the newly created 
Singly ionized states will increase the efficiency of the 
Omer LH emission. Further,with increasing temperature the 


occupation of the upper level of the doublet will increase 


converting 0.72 u centres into 0.83 u centres thus increas- 


ing the efficiency of the 0.83 i emission at the expense 
of the 0.72 uw emission. 
It is interesting to note however that Tolstoi 


Oe (1967) and Tolstoi, Bonch-Bruevich and 


and Abramov 
Gerlovin®t (1969) report saturation of the 0.93 y lumine- 
scence at high excitation intensities (see figure 1-18) 
which appears to be similar to that of the 0.83 yz 
luminescence. Berkovskii and Shreter”” (1968) further 
report (from studies with electron beam excitation) 
increases in the output of 0.72 uw luminescence at the 
expense of 0.93 yu luminescence at high excitation inten- 
sities (see figure 1-19). 

These results,of course, weaken the Tolstoi- 
Bonch-Bruevich theory. 

One last major contribution remains and that is the 


work of Taylor and Wevenian (1969), and Taylor, Lomnes, 
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Dependence of the luminescence yield of Cu,O on the 
excitation intensity. )d = 0.93 p, T = 300°K. 


Figure 1-18 The Saturation Data of Tolstoi and Abramov 
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Luminescence spectra of Cu,O for various electron current 
densities j (A/cm?); 1) 0.01; 2) 0.025; 3) 0.05; 4) 3.0. T = 80°K. 


Figure 1-19 The High Intensity Results of 
Berkovskii and Schreter?” 
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Fic. 3. Luminescence-excitation curve for a weakly luminescing 
sample; exciton structure is clearly visible. Temperature is 77°K. 


Figure 1-20 The Excitation Spectrum of Taylor and Weichman 


64 


30 


31 


and Wevehmar.: 


(1971). They very carefully studied the 
excitation spectrum of the 0.93 uy luminescence. Although 
in general varying widely from sample to sample (see 
Taylor, Weichman, and MeClung?/ (1971) ) “consistent 
excitation spectra were obtainable for "weakly lumines- 
cent samples" (i.e. samples with room temperature quantum 
efficiencies of less than 0.1%). Within these spectra 
they were able to resolve clearly the hydrogenic series 
of exciton lines. (An earlier attempt by Pastrnak°° 
(1961) to observe these lines had negative results.) The 
presence of these lines indicates almost incontestably 
that for visible excitation exciton capture does contri- 
bute to the luminescent process. Taylor, Lomnes, and 
Weichman®> were further able to show that excitons with 
low kinetic energies were most easily captured. 

Briefly summarizing the reliable results we then 
have: 

1. That copper vacancies (or their complexes) 
are responsible for the 0.93 u luminescence. 

2. That oxygen vacancies (or their complexes) 
are responsible for the 0.72 uw and 0.83 uw luminescences. 

3. That 0.93 u luminescence can be excited 
through excitonic capture. 


4, That 0.93 uw luminescence can be excited 


through nonexcitonic means. 
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9. That the excitation spectra of the 0.72 y and 
0.83 up luminescences differ from that of the 0.93 4 
luminescence. 

6. That under high intensity excitation the 0.72 u 
luminescence is superlinear. 

7. That the 0.72 u luminescence is a low tempera- 
ture phenomenon. 

8. That the 0.83 u luminescence has a peak emission 
atsalDouLe LOOK, 

9. That the 0.93 u luminescence remains at higher 
temperatures than either the 0.72 u or 0.83 u lumines- 
cences. 

Also worth noting are the inconsistencies, 
incompleteness, and contradictions in the results thus 
far. The approach to the problem has been of necessity 
phenomenological, and as a consequence these inconsis- 
tencies have seriously impaired the development of a 
Satisfactory model. 

Our own research (with C. Duvvury and F. Weichman) 
into the extrinsic luminescence was the offshoot of 
some studies on samples in support of a far infrared 
(10 u) luminescence experiment. Unaware of the bulk 
of the Soviet literature we independently observed: 

1. the dominance of the 0.72 y luminescence at 
high excitation intensities; 

2. the low temperature nature of the 0.72) u 


luminescence; 
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_ Luminescence emission spectrum of Cu20 at 193 K for various excitation wavelengths: 
§320 A (curve 1), 5800 A (curve 2), 6000 A (curve 3), 6200 A (curve 4), 6350 A (curve 5), and 
6420 A (curve 6). 


Figure 1-21 Excitation Characteristics Observed by 
Duvvury, Kenway, and Weichman® 
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XEXCITATION, A° 
Excitation spectrum for the long-wave luminescence (0.93 um) at 77, 193 and 300 K. 


Figure 1-22 Excitation Shift with Temperature®® 


ia 7 a 
‘ 


or 
sum TOTS VE 


ig Wheat Yee Cede lle PT a) ee ee ee af 
| . rye ogra 
Hina enn fh Ode (0 Vine ROT ene Td OoUd dt ey, x ve ; 


ed huwssedO eoteettasoerend ne doey sokthy Sete 
| “agddsteW base (yPwros eruveed . 


— 


JS. tne plateau, in the 0.83 1 output at Loo DR: 
and other details of the luminescent behavior. 
ins 1975 we published some preliminary resales” 
on the excitation characteristics of the three lumines- 
cences. The most interesting result notable from our 
reported data (see figure 1-21) is the apparent difference 
in the dependence of the 0.83 and 0.72 u luminescences on 
wavelength of excitation. This data was taken at about 
193 K with a power density of about 1000 watts/cm*. 
Also observed was an apparent change with temperature in 
the excitation spectrum of the 0.93 u luminescence. 


29) 


(This effect is also reported by Gorban and Rudko 

Further in unpublished research we have observed 
that the 0.83 u luminescence seems to require about 
110 usec to reach its maximum. This is at least two 
orders of magnitude greater than the time required by 
either the 0.72 u or the 0.93 u luminescences. This is 
further two orders of magnitude greater than the time 
constants reported by the Soviets (who seem to have made 
all their measurements by indirect techniques) and cast 
some doubt on the accuracy of their lifetime measure- 
ments. 

These early observations suggested the research 
of this thesis. In the hope of better resolving the 


relationships between the various luminescences a 


program of research was initiated to investigate the 
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excitation of the luminescence as a function of tem- 
perature and wavelength, with additional studies of 
lifetime and intensity relationships. As a first step 
an experimental apparatus incorporating the dye laser 
was developed for this study. It is the development 
of this apparatus and the preliminary results of this 


investigation that are reported here. 
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EQUIPMENT 


2.00 [nberoduction 


Photoluminescence experiments essentially consist 
of three elements: a light source, the sample to be 


studied, and a detector. 


———_—_—_—__> ; Sample 
Light Source 


Detector 


Figure 2-1 Basic Experiment 


In our case the light source was chosen to be 
a tunable dye laser driven by a frequency doubled Nd:YAG 
laser. This source has three outstanding advantages: 

1. It produces light of good spectral purity 
(FWHM zx 254) and variable wavelength. 

2. It produces pulses of short duration 
(FWHM x 100 ns). 

3. It produces pulses of high power (x 300 watts). 
Thus measurements of: a) luminescent output versus input 
wavelength, b) relaxation time of luminescence, c) 
luminescent output versus incident intensity, and qd) 
luminescent output at high excitation intensities, are 


facilitated. 
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rt valsovposestaterrific liability sineathat®* the 
consistency of power levels of output pulses is very 
poor, and in that it seems prone to breakdowns. 

Most of my effort was in fact expended in attempt- 
ing to remedy these problems. 

The detection system used consisted of a Leiss 
double prism monochromator with an RCA 7102 photomulti- 
plier monitoring the output slit. The advantages of 
this particular combination are: 

1. The Sl response of the 7102 extends more deeply 
into the infrared than does that of almost any other tube 
available; thereby giving a broad range of sensitivity. 

2. The Leiss monochromator (resolution ~ 20A) makes 
possible detailed examination of the emission spectrum. 

Finally, the sample holder was constructed so that 
the sample temperature could easily be varied from 77K 
to 340K, and we could monitor with some accuracy the 


parameter S(\;,13,,T,A,) where 
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and hence making the usual smoothness assumptions infer 
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The experiment was usually conducted at fixed 

I., Aas and hor varying T; although other combinations 
were sometimes tried. The actual apparatus for this 
experiment occupied about 100 square feet of floor space 
and was composed of several natural subsystems and 
components: 

1. The light source 

2. The detection system 


3. The temperature control and monitoring systems 


4. The data acquisition and processing system. 


ZaHeeelnersiigire tsource 


The light source is the most complex of the sub- 
systems, and is itself composed of several elements and 
subsystems: 

1. The Nd:YAG laser 

2. The dye laser 

3. The dye laser power monitoring system 

4. The collimation system and chopper 


5. The wavelength measuring system. 


2.1.1 The Nd:YAG laser 


The Nd:YAG laser employed is a commercial product; 
the Chromatix model 1000. As such it is complete includ- 
ing power supplies, control electronics, crystal refri- 


geration, and laser optics. The device consists of a 
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flashlamp pumped Nd:YAG crystal which is mounted in a 
prism tuned cavity. The krypton flashlamp and the 

Nd:YAG rod are mounted at the two foci of a gold plated 
elliptical reflector, for efficient pumping. Normally 
the laser mirrors are angled so that the cavity is 
resonant at 1.064u (a strong line of the Nd ions in the 
YAG matrix). The cavity in normal operation also contains 
a frequency doubling Lilo, crystal which at high intensi-— 
ties converts a fraction of the 1.064 energy to energy 
ae 2582-0, a rront= mirror which is highiy retclective to 
im0cdniwand highly transparent at 0.5327) , and a rear 
mirror very highly reflective to 1.064 yu. The net effect 
is that of a coherent amplifier with positive feedback 

at 1.064u, and with output being accomplished through the 
doubler and the front mirror transmission at the doubled 
frequency. 

Also present in the cavity is a quartz Q-switch 
which can be used to "Spoil" the feedback loop. This 
allows a larger population inversion to be achieved in 
the Nd:YAG crystal. When the feedback loop is restored, 
the optical amplifier has higher gain, and shorter pulses 
of high power are produced. It is these Q-switched 
pulses of up to 3 kilowatts which are used to pump the 
dye laser. 

The control of basic output power is achieved by 


electronic control of the energy transferred to the 
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flashlamp at each firing. Flashlamp discharge is initia- 
ted by a high voltage spike. The current flowing through 
the flashlamp builds in an are with the discharge of the 
main capacitor bank through the lamp and the intervening 
inductors. When the bank is substantially drained ignition 
Géases, and-cne current Sstril* flowing throughs inductor 

Ly charges the capacitor bank to a voltage about twice 

that of the DC supply. In this way energies of up to 4 
joules can be transferred to the flashlamp, and the flash- 


lamp power controlled by adjustment of the DC supply 


voltage. 


Starting 
a oo é Pulse 
DC Voltage Main 
Supply Capacitor 
50 = 320 V Bank Flashlamp 


Figure 2-2 Resonant Charging Network 


The DC supply is simply derived from the 230 volt 
mains, and the output level adjusted by phase control of 


the (SCRMs..01 tand, O02. 


DC Output 
50 = 320 V 


Figure 2-3 
230 VAC DC Supply 
Mains Schematic 


Trigger Inputs 
Subject to Phase Control 
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The O-switehoperacres by scattering Iigqhtyorl Of 
ultrasonic compression waves travelling perpendicularly 
across the beam through a quartz crystal mounted in the 
cavity. When the scattering is present, the Q of the 
cavity is "spoiled"; as the ultrasonic disturbance is 
allowed to die out, the Q is restored. The ultrasonic 
vibration was generated by the application of a 25 MHz 
RF electric field toa LiNbO, transducer attached to the 


quartz crystal. By opening the Q-switch at the peak of 


the flashlamp discharge, maximum output power is obtained. 


HV Starting Pulse 
Figure 2-4 


Flashlamp a a Q-Switch Timing 
Cut put =) 500/ secs. 5! 
3 


RP to 
Q-Switch 


Laser 
Output 


a 
}—__———_—__—___—_—_———._. 700 usec >} 


The Q-switch is opened by turning off the RF field for a 
brief ery (about 3 us) and allowing the ultrasonics 
to damp Sues In the Chromacix Supplied "“caveurery, O- 
switch timing was controlled by RC adjustment of a 


relaxation oscillator. 
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PIN 
Modulator 


25 MHz 
Osciliator 


Q-Switch 


3 msec Figure 2-5 


One Shot 


700 psec 
One Shot 
Original Q-Switch 
Timing Circuit 


RC 
Relaxation 
Oscillator 


Initialization Trigger from 
Flashlamp Circuit 


The output pulses produced by this system were 
highly erratic in amplitude (dynamic range ~ 10 at 
fixed power settings), and in timing relative to the 
tlashiamp trigger (At/t = 0.05). The amplitude varia— 
tions were, inw@tially attributed to the timing instabi- 
lity of the Q-switch release. As a consequence timing 
circuitry employing a crystal quartz oscillator was 


developed and installed. 


Initialization Trigger 
From Flashlamp Circuit 


25 MHz Presettable | Reset 
Crystal Counter 
Oscillator (Var. Delay) 


Logic and 
700 psec 
Circuit 


Logic & 
| 3 psec 
Cireuit 


Pulse Train 


Interstage 
Amplifier 


PIN 
Modulator 


Pigure 2-6 Quartz Stabilized Q-Switch Timing Circuit 
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This modification reduced the timing jitter in 
thevelectronic gating of scne O-Sswitch tomthe order of 
» ns. Unfortunately amplitude jitter in the output 
pulses remained large with intensity variation of 
greater than a factor of Z at fixed power settings. 
Surprisingly, jitter sometimes seemed to remain in the 
optical output. In fact by varying power settings a 
shift of more than 1 usec was obtainable (obviously far 
greater than any remaining electronic effect) in the 
time between the flashlamo trigger and the output pulse. 


Looking at the oscilloscope trace shown in figure 2-7 


Oscilloscope 
triggered by 
Q switch 
electronics 
Horizontal: 

0.2 uwsec/div. 
Verticad: 

Ono V/GLV. 


ragure: 2-7. —haser Outpur 


a strong correlation between output amplitude and timing 
is evident. This is quite understandable considering 
the effect of the varying flashlamp power levels. At 


high levels greater population inversion and hence 
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optical gain are achieved in the Nd:YAG crystal; because 
of the higher gain, the laser will oscillate with a 

lower cavity Q. When the RF is turned off and the ultra- 
sonics in the quartz crystal damp out (presumably in a 
quasi-exponential Memo, the Q of the cavity increases 
monotonically with time. Since lower Q is required at 
higher population inversions, the high power pulses will 
appear at an earlier stage of the ultrasonic damping. 

What is most alarming however, is that considerable 
time and amplitude jitter remain at fixed power settings - 
implying irregularity in the flashlamp output. 

This indeed seems to be the crux of the problem. 
The flashlamp discharge is an arc process and therefore 
highly unstable and irregular, the path and resistance 
of the arc being largely determined by the random dis- 
Eributionsof-ions at the time of the initial ‘spike. 

Here two things are immediately evident: 

ive that, the. totalwamount, of light. rom the, fiash-— 
lamp may vary significantly from pulse to pulse; 

2. that the spatial distribution of flashlamp 
output may vary from pulse to pulse, and thus alter the 
effective gain of the crystal. 

This problem of irregularity in flashlamp output 
is further compounded when one considers fluctuations 
in the flashlamp power supply. Firstly, the amount of 


charge transferred to the main capacitor bank through 
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resonant charging is highly dependent upon both the arc 
resistance and extinction time. Since these quantities 
are prone to fluctuation, there will always remain 

pulse to pulse fluctuations in the energy stored in the 
Main capacitor bank. The second power supply difficulty 
is more subtle; it arises from the fact that the laser 
pulses are asynchronous with the 60 Hz mains. As was 
shown in figure 2-3, the DC supply for the lamps is 
almost directly tied to the AC mains. The DC power level 
is maintained by phase control of an SCR pair. This 
phase control is regulated by a moderately complex feed- 
back, Loop .,151nCces the design 1s virtually -thatsof a svery 
low frequency switching regulator, it is clear that 
recovery ability will depend greatly on loading timing: 
e.g. the DC supply cannot replenish itself during a zero 
crossing of the AC line voltage. This problem is aggra- 
vated by the fact that the flashlamp power depends upon 
the square of twice the DC supply voltage; so that small 


changes in V are amplified in effect. 


DC 
To date, the only successful solution to the 
amplitude variation problem has been to monitor and 
discriminate output pulses individually. Many other steps 
Might be tried including: 
1. Monitoring the optical output level of the 


flashlamp, and controlling the Q-switch release by 


flashlamp thresholds. 
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2. Running the laser in a Q-switched CW mode. 

3. Substantial reworking of the flashlamp firing 
electronics, so that the lamp idles with a continuous 
trickle of discharge. 

4. Synchronizing the flashlamp discharge with 


the 60 Hz mains for more stable power supply operation. 


Z2ele2 STHendye laser 


The output of the frequency doubled Nd:YAG laser 
is highly limited with respect to variability of wave- 
length; despite the fact that Neodymium has several laser 
active levels, retuning is awkward, and at best yields a 
half-dozen or so discrete output wavelengths. By coupl- 
ing the output of the Nd:YAG into a tunable dye laser, 

a continuous choice of output wavelengths covering a 
large portion of the visible spectrum is available with 
relatively little difficulty. It was for this reason 
that we used the dye Rhodamine B (or the dye Rhodamine 
6G), lasing in a prism tuned hemispherical resonator, 
for our output stage. 

A laser of course consists of a coherent amplifier 
operating through the mechanism of stimulated emission, 
and a positive feedback loop. The term dye laser is 
usually used to designate a laser which uses an organic 
dye as its active medium. For various technical reasons, 


it was not until 1966 that coherent amplification was 
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actually achieved with an organic dye. 

The energy schemes of organic dyes differ consi- 
derably from those of the elemental ions which were 
responsible for the early successes in coherent ampli- 
fication. The energy spectrum of an elemental ion 
Suitable for laser use usually consisted of a series of 
discrete lines arranged in an appropriate three or four 


level scheme. Stimulated emission requires a large 


2 Pumping Level : Pumping Level 
3 Meta- Meta- 
Stable Stable 
Level Level 
Absorp- kbsorpe- 
tion Laser tion Laser 
Decay Decay 
Fa D 
1 1 st Decay 
Ground Level Ground Level 
Figure 2-8 Figure 2-9 
Three Level Scheme Four Level Scheme 


population inversion £LOr any ‘signiticant eitect,,, and 
hence the first requisite of any energy scheme is a 
metastable level above the ground state in which 
electrons may accumulate. With elemental ions this 
is often aytriplet states Pumping directly to this 
level would be highly inefficient, since any pumping 
would be essentially restricted to the blackbody 


equilibrium with the incident radiation by the combined 
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effects of absorption and stimulated emission; hence a 
third and higher pumping level which rapidly empties 
into the metastable level is required. A four level 
scheme has the additional advantage of a very sparsely 
filled lower level in the laser decay. 

The principal difference with organic dyes is 
the large molecular system. Electrons are shared over 
large parts of the molecule, and their energy spectra 
display a great number of vibrational and rotational 
levels. Due to thermal smearing at room temperature, 


the net effect is that of broad energy bands. 


Abs| 


G 


Figure 2-10 Dye Laser Energy Bands 


A typical energy scheme is shown in figure 2-10. 
Triplet levels are usually found just beneath the excited 


singlet states. Initially the position of the triplet 
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would suggest a conventional three level scheme, except 
that non-radiative competing processes usually completely 
dominate the triplet to ground state decay. In, fact, the 
presence of the triplet states creates difficulties. 

Over long time periods (2 100 ns) singlet to triplet decay 
Waele 

1. reduce the number of available electrons in 
the singlet ground state system; 

2. drastically increase triplet - triplet absorp- 
tion (ry T.) which frequently is in the same band as the 
lasing singlet - ground decay. 

As a consequence, excitation is usually to the 
EODeOLS LHe Ao 


band (or to the §S band), and the fluores- 


il 2 


cent decay from the bottom of the S, band to any of the 


1 
levels in the ground state band provides the coherent 
amplification. Since this fluorescent decay usually has 
a relatively short time constant (x 1 ns), two things 

are evident: 

1. Fast excitation is favored for efficient 
extraction of energy. Otherwise,spontaneous emission 
will dissipate significant amounts of energy before a 
lasing threshold is reached. 

2. The system will have high gain, since the 
Einstein coefficient for spontaneous emission A is 
given by A=T/ey1 and the acces a coefficient 
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Since speed is favored to avoid both spontaneous 
and triplet losses, and significant energies are required 
to achieve population inversion, the obvious pumping 
source is a fast pulsed laser operating at an appropriate 
wavelength. Both Rhodamine 6G and Rhodamine B show 
absorption maxima in the vicinity of 0.532 u, so that 


they are very efficiently pumped by the frequency doubled 


Nd:YAG. Legend: 


————— absorption (& molar 
decadic extinction coeffi~ 
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Rigure: 2—-ll | Absorpiiony and Fluorescence of 
Rhodamine 6G in Ethanol. 


As the high absorption coefficients of crystalline 
dye would not allow a cavity length greater than a few 
microns, it is very practical to dilute the dyes in a 
transparent solvent. To this end the actual dyes used 
frequently consist of the organic dye group with an 
alkali metal or halogen ion attached, This gives 
good solubility in polar compounds such as water or 
ethanol. “An auxiliary problem is that the dyes often 


show a tendency to polymerize, or at least to dimerize 
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in such a solvent. In particular Rhodamine 6G and 
Rhodamine B dimerize in water. Since the additional 
levels of the dimer system poison the lasing action, this 
is to be avoided. The dimerization may be eliminated by 
the addition of a detergent to the dye solution. The 
detergent will disperse and form micelles in the solvent 
to which dye molecules will attach themselves, one dye 
molecule to the micelle. It is only through this tech- 
nique that we may use aqueous solvents for the Rhodamine 
dyes. 

There are many benefits consequent to the use of 
a liguid as the active medium: 

1. Flow may be introduced to provide cooling. 

2. Molecular damage at high intensities is of 
little consequence in a flowing medium. 

3. High quality optical surfaces may be easily 
provided through an interface with relatively inexpen- 
sive windows of quartz or Sapphire. 

4. Dyes may be easily replaced, or changed, 
through a simple flushing procedure. 

The dye circulation system used in our configura- 
€10n, 1s shown in figure 2-12. 

The optical pumping of the dye by the laser may 
be achieved in many configurations, but direct Longitu-— 
dinal pumping is one of the simplest, and the one we 


employ. 
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Dye Flow 
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Figure 2-12 Dye Circulation System 
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Figure 2-13 Optical Pumping Configuration 
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Figure 2-14 Detail of Dye Absorption 


Considering the incident beam, we have that the 
intensity remaining after passing distance x into the 


dye is given by: 
I(x) = Ie 


where q the absorption coefficient in cm + is given by 


a = «M 


where ¢ is the molar absorption coefficient of the dye 
iMesoluecuon ein units cot Ene itreumo lees and M is the 
molar cancentration of the solution in moles/litre. 
It is usually most efficient to choose the molar con- 
centration and cell length so that 95- 99% of the inten- 
sity of the pumping beam is absorbed. This choice 
effectively distributes the incident energy throughout 
the available volume of dye, and at the same time does 
not waste the incident beam. 

Experiment has verified that solutions of about 


4x 1077 moles/litre of Rhodamine 6G (molecular weight 
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moles/litre of Rhodamine B (molecular 
weight 479) were about optimum for our dye cell. The 
solvent was by volume 95 % deionized water, and 5 % Triton 
X100, a deaggregating agent (detergent). This is a con- 
servative solvent mix, since experiment seemed to indicate 
that a 2 % by volume solution of Triton X100 is sufficient 
to prevent dimerization at such low dye concentrations. 
Merely adding reflectivity to the surfaces of the 
dye cell will produce a laser, and at high excitation in- 
tensities the gain of the dye is so high that the reflec- 
tion at the dielectric boundaries of the cell windows 
is sufficient to produce laser action. This emission 
is a nuisance since its wavelength is tuned only by the 
natural efficiency of the dye. Further it empties elec- 
trons from the Si band, and thus reduces the gain and 
power available to any mechanically tunable feedback loop. 
Natural limits to the gain, and hence the power density 


of the pumping beam, are therefore established; and the 


Nd:YAG laser is focused only up to the limiting power 
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Figure 2-15 Hemispherical Cavity 
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The main feedback cavity, without the prism tuning 
elements, would form a simple hemispherical resonator. 
The advantages of this system are many: 

1. A focusing element:.in the cavity reduces losses 
due to diffraction and scattering. 

2. The hemispherical cavity has a sharp focus at 
the surface of the flat mirror, which then becomes a 
convenient entry point for the foeeed pumping beam. A 
small volume of optically pumped dye is desirable, since 
the pumped region must be excited by a high power density 
of radiation to achieve inversion, and hence to some 
extent it follows that the smaller the pumped volume, 
the smaller the power required to achieve high gain, and 
laser action. The sharp focus at the flat mirror of the 
hemispherical cavity thus provides a very convenient point 
for the pumping radiation to enter the dye. 

There is also a specific disadvantage to the con- 
figuration as drawn: the pumping radiation must pass 
thnxrougy the rear mirror.) This adds) torthe cost of the 
rear mirror, detracts from the quality, and dissipates 
the energy of the pumping beam, and tends to cause burn 
holes in the rear mirror, As a consequence we use’ a 
slightly less precisely focused system which brings the 
pumping beam into the dye cell at a low angle from the 


cavity side. 
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Figure 2-16 Improved Dye Laser Configuration 


The reflectivity of the simple cavity is about 
0.84 between 5600 A and 6300 & with our current mirrors. 
Additional mirrors covering the ranges 5200-5600 A, and 
5900- 6600 A have been purchased, but not yet tried. 

The most important feature of the dye laser is 
not apparent until tuning elements are added to the 
feedback loop. This, of course, is the continuous 
variability of output wavelength; a direct consequence 


of the broad band structure of the energy levels. 
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Figure 2-17 Prism Tuned Cavity 
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In our case wavelength tuning is achieved through the 
angular dispersion of two prisms placed in the feed- 
back loop. (Actual selection is mechanically achieved 
by varying the angular orientation of the front mirror.) 
The prisms are chosen so that the incident radiation 
enters and exits at approximately Brewster's angle. 
Virtually 100 % transmission of horizontally electri- 
Cally polarized light is achieved in this configuration, 
while significant reflection occurs for vertically 
polarized light, so that the insertion of the prisms 


also polarizes the laser. In fact using the formulae: 


(n,/n.)cos6. - cosé@ 2 
Ry _ R, = Nee, a. t | 
(n,/n,)cos6; + cos6, 
Pe ats 4(n,/n,)cos6, cos6, 
TG eee ia pe ees a ee ee ee ee 
((n,/n,)cos®; + cos6,) 
-cosé@. + (n,/n.4)cosé@ 2 
ak Le it 
cos8, + (nj /n,)cos6, 
4(n,/n,)cos8; cos6, 
Shea Oh RNP NMR GEN Cee 
cos0. n,/n.,)cos6, 
05 + 0, = 1/2 Brewster's condition 


and = — Snell's law; 
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Figure 2-18 Brewster Prism & Angles 


and the information that the prisms are made of fused 
quartz, and are approximately cut and mounted so that 
all radiation enters and exits at Brewster's angle, 
one finds: 

1. The index of refraction of fused quartz at 
A = 5800 A, is approximately 1.4588; 

2. The dispersion of fused quartz in the region 
of } = 5800 & is approximately 3.7 on ole ise 

3. The index of refraction of air at 5800 A is 


about 1.00028; 


— = ° UO 
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5. The angle of the apex of the Brewster prisms 


(which is twice 6 ees! OG 53205 


transmitted 

6. The transmission coefficient for vertically 
polarized light is approximately 0.8701 per interface 
(reflection coefficient 0.1299). 


Since there is an equal reflection: loss at “each of the 


four interfaces, the total prism transmission is 
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fore 70n) = 0.5732. This gives a cavity reflectivity 
of 0.4823 for vertically polarized light, compared 
with 028415 for horizontally polarized light. Further 
calculations show that a 5° misalignment of the angle 
of incidence produces a reduction of less than 0.01 
(i.e. less than 1 %) in the transmission of horizon- 
tally polarized light; so that, the angular orientation 
anc’ apex angles of the prisms are not very critical. 
Considering the dielectric interfaces in the dye 


cell, reflectivities may be calculated. Since the beam 


Dye Sapphire Air 
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Figure 2-19. Interfaces at Dye Cell Window 


at these interfaces passes through approximately perpen- 
dicularly, the formulae simplify to: 
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In the region of 5800 A we have: 
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1. The index of refraction of sapphire (A1,03) 
is approximately 1.7687; 

2. The index of refraction of air is approxi- 
mately 1.00028; 

3. The index of refraction of the dye solution 
tseunknown, but assuming it is Close to that of water, 
it would be approximately 1.33; 
SOvLnaklehesrefblectivity as, 0.077 at the sapphire air 
interface, and 0.020 at the dye sapphire interface. 
The significance of this is that some estimates of the 
Single pass gain of the dye cell may now be made. If 


the rear mirror is aligned parallel to the sapphire 


window the resulting resonator has a reflectivity of 
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Figure 2-20 Dye Cell Resonator 


nearly 0.1. (In normal operation the rear mirror and 
the dye cell are deliberately misaligned by a small 
amount to avoid this.) Since, as mentioned earlier, 
the emission from the dye cell resonator can become a 


nuisance at high excitation intensities, we may 
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conclude that under these conditions the single pass 
gain of the dye must exceed 10 (the reciprocal of the 
reflectivity). From the simplest considerations we 


know the gain must be greater than 1.19 = 1/R 


Cavity © 
for the laser to function at all at any operating wave- 
length. 

The spectral purity of the output will depend 
strongly on two things: the dispersion of the prisms; 
and the solid angle presented by the excited volume of 
of dye accessible to the resonator. In our case the 


size and shape of this volume are adjusted by the po- 


sitioning of a lens which varies the focusing of the 
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Figure 2-21 Actual Dye Laser Optics 


Nd:YAG beam as it enters the dye. Normally the lens 
is set so that the spectral half width of the output 
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best focus is just a few centimeters outside of the 

cell. Any further defocusing reduces the wavelength 
resolution, and sharper focusing drives the gain of 

the celletoo highe® To stabilize the spectral halt wrath, 
and eliminate unwanted resonances, a variable aperture 
iris diaphram was also included in the cavity. Output 
can be easily achieved over the entire range of 5600 A 
to 6330 A with the current mirrors and either dye solu- 
tion. Rhodamine 6G is favored however in the range to 
6200 A, and Rhodamine B beyond. 

The power level of the output depends primarily 
upon three factors: 

1. the power level of the pumping laser; 

2. the efficiency of the laser dye at the chosen 
output wavelength; 

3. the efficiency of the resonator at the chosen 
output wavelength. This last factor can cause unexpected 
problems, as interferometric losses will occur if the 
resonator is improperly tuned. With our apparatus 
efficiencies of about 10 % have been achieved under 
favorable conditions. 

Considering the timing of the output pulse, the 
dye laser output follows the excitation pulse closely 
Once threshold is attained.) This is due cogthe short 
lifetime of the metastable level (about 1 ns), and the 


resonator transit time of less than 1 ns. As a result 
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the dye laser output pulse is only slightly shorter than 
the Nd:YAG output pulse, and averages 100-125 ns. 

The divergence and size of the beam are dependent 
upon a large number of complex factors, of which the 
main concerns are the details of focusing within the 
cavity, and the extent to which the cavity will support 
true TEM) 6 standing waves. Since the divergence was of 
little importance to us it was never accurately measured; 
however, it seems to be of the order of 10 milliradians. 

In summary, the dye laser produces pulses of about 
LOOens duration, 25 A spectral halfwidth, and up to 300 
watts of power; and is continuously tunable between 
5600 A and 6330 R. Most important, it is relatively 


Simple to operate and tune. 


2.1.3 thevdye laser power monitoring system 


Cne of the greatest difficulties preventing simple 
and rapid accumulation of data has been the pulse to 
pulse variation in output power of both the Nd:YAG and 
dye lasers. In our earliest photoluminescence experi- 
ments with the Nd:YAG laser (before the implementation of 
the dye laser), no attempts were made to monitor the 
pulse to pulse laser power output. It was naively hoped 
that reproducible and relatively constant power levels 


could be maintained and repeated merely by monitoring the 
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Nd:YAG 
Laser 


IR Filter 


(uv) Oscilloscope 


Figure 2-22 Naive Photoluminescence Experiment 


Figure 2-23 
Vertical 5 mV/div 
Horizontal, 0.1 


usec/div. 


Luminescence Signal through Corning 7-57 Filter 


voltage indicated on the flashlamp power meter. A typi- 
cal result from this period is shown in figure 2.23. 
Leywas not long before the futility Of (this vapproach 


became evident. 
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The Nd:YAG laser is equipped with a fast internal 
power level monitor. It consists of a PIN diode which 
detects radiation scattered by the Lilo, doubler crystal . 
This optical coupling suffers from the defect of long 
term dritt,. as, the coupling efficiency.will, vary from 


MgO Screen 


pboted ae 


a Nd:YAG Beam 
LiIO Doubler Crystal 


Figure 2-24 Internal Photodiode Optics 


month to month with slight changes in the alignment of 
the doubler crystal. Electrically the diode is connec- 
ted in a simple voltage divider, so that to a first 


approximation, the output voltage is proportional to the 


100 K 


22 Volts External 
Load a> 


Resistor 


Figure 2-25 Internal Photodiode Circuit 
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incident intensity. Since the PIN photodiode is a very 
fastedetector (rise time <1 ns) and. the circuitry is 
relatively simple, the fast rise time is preserved, and 
this detector can easily resolve the amplitude and width 
of the laser output pulses. Monitoring the output of 
the internal photodiode on a suitably terminated fast 
oscilloscope, the wide variation of laser output was 
verified. 

For a short while measurements were made with one 
oscilloscope by first monitoring the power level with 
the internal photodiode, and recording the maximum value 
attained; then quickly measuring the luminescent output 
and recording the maximum it attained. Unfortunately 
laser instability makes the process accurate only to 
about 15 %. Further the maximum of many peak values 


must be quickly determined end measured from an unstable 


IR Filter 


Laser Level 
¥v — Luminescence Signal 


) ~) Figure 2=26 


Scope | poole Improved Acquisition Technique 
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oscilloscope trace in real time. This is a difficult 
and fatiguing task prone to subjective error, and at 
best "yields data of relatively llow precision at a low 
rate. 

With the hope of improvement, the complexity of 
the apparatus was increased. By using two high speed 
oscilloscopes (Tektronix 541's with type L vertical 
amplifiers) equipped with Polaroid cameras individual 
events could be monitored, and the laser and luminescent 
outputs simultaneously recorded for accurate measurement. 
To conserve film, two events were recorded on each plate. 
Typical data acquired are shown in figure 2-26. 

Although superior with a reliable basic measure- 
ment accuracy of about 4 %, this technique still suffers 
from many shortcomings. It is a slow data gathering 
technique, yielding only two data points per pair of 
photographs. Since the luminescence signal may have a 
smallesigqnal to noise ratio (as small as 0.5), statis- 
tical treatment of data is highly favoured. Acquiring 
any amount of statistical data would be both very slow, 
and quite expensive in terms of film. Further, since 
the laser output pulses are of fairly random height at 
any fixed power setting, obtaining data closely correla- 
ted to any specified laser power level would produce a 


large number of wasted photographs. 
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Figure 2-27 Typical Data Photograph Pair 
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Bearing in mind the requirement of a large number 
of experimental events for good data processing, and the 
capability of the laser to produce pulses at rates of 
up to 75 pulses per second, the experimental design was 
reconsidered. The availability of a DEC PDP-8e computer 
interfaced to an Analogic AN5800 analog to digital con- 
verter suggested semi-automated data acquisition. Three 
circuits were then designed and constructed: a fast 
integrator and sample and hold amplifier to monitor the 
output of the internal photodiode, a high gain sample 
and hold amplifier for the signal channel, and a digital 
output interface for the computer. With these additional 
elements a complete system capable of simultaneously 
monitoring the laser power level and the luminescence 
Signal, on a pulse to pulse basis, was constructed. 

The computer was connected and programmed to 
initiate, control, and synchronize the laser and the 
various sample and holds. With this system, the laser's 
fluctuations were monitored with far greater success. 
Events could be discriminated and sorted according to 
laser amplitude. Further, data could be accumulated at 
a much higher rate to allow for statistical averaging. 
Four major defects remained however: 

1. Due to the restrictions of a simple electronic 
design, the slew rate of the sample and hold amplifiers 


was slightly too small, restricting the dynamic range of 


a 1) Se 


Sedmnia eppal & ‘ econ and Dri 


aie Sie ,prle spo sae Hoop zot : . . 
Pr 26 asian i6 areIng nie bore oF Tesh Gee 9 
ay gew soiaedh Lesa ssoxs an yO OS0eGe ee 
TSssuGto> So~Sy a = So VE bi tcit! LeVeE sit rae neies 
-son lagiphb od goblets OU EC POLaRA - bi. 0008 a 
geri! totas poe P : 4- Ge sateevEi’a = ey 


Hi | )° 
t rf , a «| Py 
way s pédenkgenod Ses vib celle wai a) 
oe i ie 
, a 
eid rvowtaor ot #54 » bion clgmde Bive sodamge 
= ; mea r 


7 


alone m..ep Hawt £ Py top dale : [ho2 SRE Sad Dar 
5 ae, Lei’ > FttE Lorie Ls ific ta or voititgms kod ! 


tano2s lh: -sada A450  iaegrdae> els) oo somtunons tue te 


LeVOGBRE RES 6 Lange mac2ve “sciiele A ee ue 

7 fo _ 
soraqserieme by Si9 Le i Fu) og ona bert ROGt 
besvastends BY 4s j sting 33°33 silt te «le oe 


og Semmes Dott Dic: De MmAOD ‘REY i‘ nile. sae ' mY 
. iene 


a9 bf <9abl 5s ss each Jom bas Lordnee aoa tha t 
elaaenl silt ,Weagaeve era AAT bind pees stows au’ " ina 
BSIIIVE BSIRhap si eS tos inom eso “eookgeuae 


oF paiiropss. BSttor bin posstimors ech Miva aa 
36 bevslumoces @7 Abves,edsh ,corssws, eee 
cana | a | sts 
. wpaipexevs Jecigarvase zor wolis od EN § se tedphi 253 t logo 

: Ne 
ery’ | : tN “vod benlwns+ sa#agtely 3 


at Agusta BLgmLs ‘s 26 anols>izsa04 eng 


ars. 


Shidines bien la Nias ents 20. otkh 7 


ja - aie iets ‘1 ite 


= | 
ft a i 


70 


weaskS uotytstnboy eyeq peT{To1qu0g seqgndwog gzez suns ty 


1049920q 
ed.usoseuTuMy] wor 


IeFstiduy H/s 


edusdSeUuTUM] 
TO1qU0d H/S 
and qno 
@poyp 
ova:pn | .7020M4 
Teursquyy | szeTsttduy H/s 


Ioj.eIZequL ase 


anduy 1 
1943 FL], 


Joje1euey 
estnd 


‘Ies3TaAL 


a/v 
oOUW 
gee 
ct0g 
DS He by 
Eto 
+o 4 
mm @ 
Qo 


eoeszeqUl 


Jeqgndwog 
28-ddd 


i 


ot 


aaa, aa | 


io fees ‘S| e-m 
“Os | [Ay tesvqyaod 
—o — / 
" TT he = an : ! 
; f ‘. if 4 A } 
4 Piero B\E es ia 
a ey - 4 ; 
i 
j ag ieoee rie] a 7 | 
: “t9.F3 F2ce — “4 . 
age oe +s} [> Se 


. - 
eanessonifud mons —— 
soiosic0 : 7 


ra 


> Pik Sa Oe 7 _ ‘ f a . a & 7 7 
meleyoa Noss £2: pon Boe val TotrJaed eT) Pune Te “— S1wgtF 


Initialize: 
Set Sample & Holds 
To Sample 


Send Laser 
Trigger Pulse 
Wait 230 sec 


Send Hold To 
Luminescence S/H 


Wait 35 wsec 
For Double 

Integration To 
Peak 


Send Hold To 
Laser Integrator VG 
S/H 


SS 2S Te 


Measure Voltages ———— eee 


Evaluate and 
Process Data 


1/0 


~1/0 


T/O 


Figure 2 - 29 Simplified Computer Program 
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ENGaCiLECuLt s ; 

2. Since the amplifiers in the sample and hold 
circuit were not fast enough to handle the 100 ns 
pulse, it was pre-integrated first to 2.2 usec, ampli- 
fied, then further integrated to 470 usec for easy and 
reliable acquisition. This decreased the resolution sor 
the circuit in two ways. First, there is some jitter 
in the pulse width of the laser output, therefore inte- 
grated discrimination does not correlate directly with 
peak amplitude discrimination. Second, and more important, 
the laser output is preceded by large amounts of electri- 
cal noise generated by the flashlamp discharge, and the 
RF bursts to the Q-switch. In an integrated signal the 
total impulse of this preceding noise remains, and can 
add considerable fluctuations to the signal. 

3. With the implementation of the dye laser, new 
problems arose. Due to the variation of dye gain with 
output wavelength, slight variations in dye flow, and 
other factoyws, the output power of the dye laser does 
not correlate directly, or consistently, with the output 
power of the Nd:YAG laser. As a consequence, the inter- 
nal photodiode is not an adequate monitor of the dye laser 
power output. An external PIN photodiode was mounted with 
a fast preamp constructed by us according to the diode 
manufacturer's specifications. Unfortunately this circuit 


has a 1 Kf output impedance, and the input stage of the 
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integrator circuit was designed to have an impedance of 
approximately 150Q at 10 MHz in accordance with the 
requirements of the internal photodiode circuit. Tem- 
porary intermediate circuits were constructed, but their 
performance was not very satisfactory. 

4. The Nd:YAG laser is constructed so that its 
flashlamp firing rate may be varied from 1-75 pulses 
per second by front panel adjustment. It may also be 
triggered externally, but protection circuitry limits 
the maximum rate to about 35 pulses per second. Unfor- 
tunately the Nd:YAG laser displays far greater stability 
when the flashlamp is triggered at the highest or near 
highest rates (55-75 pulses per second). This is pro- 
bably because discharge paths are more stable when the 
time between firings is shorter. Consequently, it is 
preferable to trigger the laser internally. 

As a result of these problems, system design was 
again reconsidered. Preference was given to proven 
commercial components because of the high speeds re- 
quired at many stages. The resulting design incor- 
porates many improved features. The Nd:YAG laser is 
allowed to run free at its optimum rate. A fixed 
fraction of the intensity is taken from the output beam 
by a beam splitter and directed into a monitoring photo- 
multiplier. The signal from this photomultiplier is fed 


through a T into two Ortec 436 100 MHz discriminators. 
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Figure 2-34 Actual Monitoring System 
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The acceptable "window" of pulse amplitude is determined 
by the gap between the lower level discriminator setting 
and the upper level discriminator setting. An anti- 
coincidence gate is connected to the output of tcherdis— 
Criminators to impose this window. The output pulses 
from this gate serve as trigger and timing mark for the 
rest of the system. 

Most of the data reported here was taken with a 
partial implementation of this latest generation of 
design. With the complete design as shown in figure 
2-32, discrimination would occur with remciens speed 
that the actual unintegrated peak of the luminescence 
Signal could be captured by the sample and hold. However, 
the ECL anti-coincidence gate was not yet ready, soa 
standard nuclear instrumentation coincidence gate, the 
Canberra 840, has been used. This gate has a decision 
making time of about 1 microsecond (compared with about 
30°ns for the ECL circuit) which changesmthessynchronie 
zation somewhat. Integration is used in the signal 
channel to extend the length of the signal pulse; so 
that, when the sample and hold amplifier is triggered 
1. usec after the real event, the integrated*signal will 
still be present with very little decay. 

The actual optical coupling is achieved using a 
glass slide as a beam splitter. This works quite satis- 


factorily as the slide is mounted very rigidly in a fixed 
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position relative to the output beam. Calculating the 
reflectivity at each interface for low angles of 
incidence, one finds about 4 % at each surface, or a 
total rerlectivity of about, 8 @ for the slide. Ay beam 
splitter which would reflect an even smaller amount 
(such as a pellicle) would be desirable, since the 
fractional beam from the glass slide must be attenuated 
by ihre to prevent saturation of the photomultiplier 
(which further is operated at low voltage). This atten- 
uation is accomplished with a pair of neutral density 
filters which are mounted immediately in front of the 
photocathode. A diffuser of ground glass is mounted a 
few centimeters in front of these filters to reduce any 
possible effects due to small changes in beam diameter 
Or position. 

A photomultiplier was chosen as the monitoring 
transducer for a number of reasons: 

1. It is a relatively fast detector, with a rise 
time of less than 2.5 ns, and therefore easily capable 
of resolving the laser pulse. 

2. Its output characteristics are exactly those 
anticipated by the Ortec 436; i.e. it 1s a fastecurrent 
source, capable of driving a 50 ® load to 500 mV with- 
out either extreme incident intensities, or intermediate 
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RCA 7102 Photomultiplier 
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Figure 2-35 
Actual Mounting of Beam Monitor 
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Figure 2-36 Laser Power Level Distribution 
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The RCA 7102 was specifically chosen because: 

i. its Sl spectral response ais relatively flat 
with a sensitivity variation of only 1.8 over the range 
5600 A to 6500 A. This is bettered only by the multi- 
alkali and III/V types. 

2. It is inexpensive. 

3. It was available. 

Typical operating voltages in our configuration are in 
the vicinity of 950 volts: 

One last topic relating to the power monitoring 
system remains. Although the laser pulses fluctuate in 
power level, at any given setting there will be a statis- 
tical distribution of the output power levels, anda 
statistically modal power level. In well tuned operation 
this distribution will be approximately gaussian. The 
discriminator will determine which pulses are of suitable 
amplitude, but data will be most efficiently collected if 
the laser power level is adjusted so that the mode 
corresponds to the center of the acceptable window. 

Due to the cumulative instabilities in the Nd:YAG- 
dye laser system, it displays a tendency to long period 
(f > twoeminutes) drift. As a result, continual read- 
justment of the laser power control is necessary. Output 
transducers have been added to thé system to enable the 


operator to monitor the acquisition rate. 
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With the hope of stabilizing the laser output, 
the power monitor circuit was linked through a long 
period feedback loop to the laser power control. The 
feedback Circuit Is constructed to monitor the output 
rate of the lower level discriminator. If the fraction 
of the pulses whose power exceeds the lower threshold 
falls below a two second average of 30 %, the flashlamp 
power is increased; if the fraction exceeds 80 %, the 
flashlamp power is reduced. The circuit was bread- 
boarded and tested, with moderately successful results. 
An improved permanent version may be implemented in the 


near future. 


2.1.4 The collimation system and chopper 


The dye laser output beam physically shifts with 


Tuning Dye Cell 
We Prisms in 


Rear Mirror 


Figure 2-39 Chromatic Dispersion of Dye Laser Output 
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wavelength changes. This is a natural consequence of 
the prism tuning, and problematic as it is highly 
desirable to maintain the focused beam spot in a fixed 
position on the sample. The simplest and ase reo 
solution is to add a collimator fed by an adjustable 
refilecton.y The £ixed position collimator jinsures that 
the beam path is constant, and the movable reflector 
allows adjustment to accurately direct the beam energy 
in this path. 

In our case the collimator consists of two aper- 
tures, with diameters 1 cm and 0.8 cm, spaced approxi- 
mately 1.5 meters apart. Since the beam fills the 
apertures and can be accurately aligned with an error 
of less than a millimeter, the angular resolution is 
better than 1 milliradian; thus, with 20 cm remaining 
between the second aperture and the sample, spot stabi- 
ity Of sabout 0.13 mm is) insured: 

Because of the stability of the collimation 
system, it was possible to increase the angular dis- 
persion of the output beam. This was achieved by the 
addition of two external prisms. The resulting com- 
bination of a high dispersion system and a collimator 
forms a crude prism monochromator, and filters out any 
unwanted spurious beams that might be generated at high 
excitation intensities, as well as any remnants of 


Oposuaivor |. 064 Wu that might be present. 
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Figure 2-40 Collimation System & Chopper 
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Further, the secure position and fixed orientation 
with respect to the beam of the first aperture are very 
convenient for the mounting of the glass slide beam 
splitter, which is attached to the front surface of the 
aperture plate. 

Also proximate to the collimator, and in line with 
the collimated beam, is a PAR BZ-1 mechanical light 
chopper. This is operated at its lowest frequency, 

13 Hz, and is used in conjunction with the daca acquisi- 
tion system to reduce noise and offsets in the signal 


channel. 


#2 lo Jee tne wavelength monitoring system 


The dye laser output wavelength is measured with 
a Bausch and Lomb 33-86-45 grating monochromator. This 
is a 0.5 metre instrument equipped with a 1200 groove 
per mm grating. Dispersion is about 16.5 A per mm of 
slit. wedth, so that operating at a silat width oF 40-2 ‘mm, 
the resolution should be about 3.3 NS which is more than 
adequate. The beam is shunted into the monochromator 
input slit by a removable mirror (normally not present) 
in the collimator beam path. The output slit of the 


monochromator is simply monitored by eye. 
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2.2 The detection system 


The technical requirements for the detector are 
quite simple: adequate sensitivity and signal to noise 
ratio in the spectral region of the luminescent output. 
To include the impurity bands of Cu,0 this region must 
encompass at least 0.68-1 u, and for a better study of 
luminescence 0.5-1.1 u. While there are now many semi- 
conductor photodetectors with high quantum efficiencies 
and low noise currents that operate in this spectral 
region (including silicon PIN photodiodes), problems are 
encountered in amplifying threshold signals up to usable 
levels. As it is difficult to find a broadband amplifier 
with better noise characteristics than the electron 
multiplier, photomultipliers tubes are still superior 
detectors in spectral regions where photocathode sensi- 
tivity is available. There are currently only 3 photo- 
cathode types commercially available with usable spectral 
responses extending to 1 uw. Only two of these extend 
tol. Us “the Ag-O-Cs )S=1/(RCA 101 response, one of the 
earliest types), and the Ga-In-As type III (RCA 142 
response, one of the most recent types). This essen- 
tially reduces the choice of an optimum detector to 
either the RCA 7102, or the RCA C31034D. Comparing the 
specifications of these photomultipliers at their 
recommended operating voltages: the 7102 has a sensiti- 


yity of 354 A/W at 0.96 w and a dark current of 1900 nA; 
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Figure 2-42 Photocathode Sensitivity Vs Wavelength 


T 


— 


a 


} 


\ 
. oa 
b 
§ 
} 


] 
4 
(aa3 


see 

a es ATT) ae 
cece ah 
as Pie ; | 


ies 


re 


OF 66d 6k 


‘an 


91 


whereas, the C31034D has a sensitivity of 1093 A/W at 
0.96 w and a dark current of 10 nA. Therefore, consi- 
dering the simple noise equivalent power, we have 


5.4x107° 12 


watts for the 7102, and 9.1x10 ~-° watts for 
the C31034D. While the C31034D is therefore at first 
glance technically preferable, the 7102 was chosen for 
two reasons: its immediate availability, and its low 
cost (the price ratio is about 15). Some unsuccessful 
attempts were made to cool the 7102, and thus reduce 
noise. The 7102 is operated at the recommended voltage 
Orel Zo0RVvOLts. 

In almost any photoluminescence experiment, the 
spectral response of the detector must exclude the 
incident excitation wavelengths. This is usually achieved 
by filtering the light incident on the detector. in-our 
earliest experiments, the IR transmitting visible absorb- 
ing Corning glass filters 7-5/7, 7-56, and 7-69 were used. 
While fairly successful in eliminating the excitation 
radiation, use of these filters did not give much infor- 
mation on the wavelengths of the components of the IR 
luminescence. . 

To achieve this resolution, a Leiss double prism 
mirror monochromator with fused quartz prisms is used. 
The wavelength resolution of a refracting monochromator 
depends upon two things: the dispersion of the prisms 


in spectral region of the output wavelength, and the 
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total width of the entrance and exit slits. Due to 
imperfections in the optics of the Leiss, resolution 
increases with the reciprocal of slit width only to 
Chewlimic Of a total slatiwidth of 0.05 mm. 1Since the 
linear dispersion with fused quartz prisms is 0.5 mm/ 
10 nm at 500 nm, and the linear dispersion is directly 
proportional to the dispersion of the fused quartz, 

we can use the information that the dispersion of fused 


quartzvie about 5/55.<100- r- at 0.5 1, 2.28 S108 a 


at.0.7 0, and 1.26 On Vin at. L..0 1, to compute the 
linear dispersions at 0.7 u and 1 wu. We therefore have 
linear dispersions of 0.205 mm/10 nm at 0.7 u (700 nm) 
ang 0.114 nm/10 nm at 1.0 uw (1000 jnm). Combining this 
Withee Locwlhimiting sivt sresolution Jor 0, 05 im, we lhave 
ultimate instrument resolutions of 2.4 at 0.7 u, and 
Ace eniimwate.. Or. 

Intensities were found to be too low at limiting 
resolution, so the operational slit widths were chosen 
to be: 

iM s0.18 mnvtoretne entrance slit (18 on the slit 
micrometer) 


2. 0.19 mm for the intermediate slit 


3210220 mm for the exit sist. 


Summing the entrance and exit slit widths we have a total 


mechanical slit width of 0.38 mm, and dividing by the 


linear dispersions we have resolutions of 0.0185 4 
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Since the luminescent emission will be distribu- 
ted approximately uniformly over the entire available 
solid angle of 2m steraradians, some light gathering 
mechanism is necessary for efficient detection. The 
Leiss monochromator fortunately is equipped with light 
gathering mirror optics specifically designed to image 
a point source on the entrance slit. The focusing element 
is a spherical concave mirror with a focal length of 
150 mm, and a relative aperture of f/2.5. Focusing with 
image and object both at approximately 2f, the mirror 
presents a solid angle of about 47 x2.5 calor steraradians, 
and therefore captures about 0.5 % of the available back- 
ward luminescent emission. The off axis aberration in 


the system conveniently renders the images of point 
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Figure 243 
Detection System 
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sources into vertical lines with appropriate mirror 
adjustment. Since this image has a horizontal breadth 
of about 1 mm, or about five times that of the entrance 
slit at its normal setting, only about 0.1 % of the 


luminescent emission enters the monochromator. 


2.3 The temperature control and monitoring system 


The cooling system used is almost the simplest 
possible. It consists of a hollow copper cylinder 
which can be filled with any liquid coolant or cryogen. 
The sample is attached with vacuum grease to a flattened 
region on the cylinder's outside surface. Because of 
availability, ease of handling, low cost, and relatively 
low temperature, liquid nitrogen is used as the coolant. 
This system would be adequate in itself except for two 
problems: temperature gradients within samples exposed 
to warm air on their outside surface, and frost build-up 
which Optically obscures the sample. As a result, the 
cylinder is enclosed within a partially silvered dewar 
which is only slightly larger than the cylinder itself. 
The small volume of air enclosed quickly reaches equili- 
brium with the cylinder surfaces. To alleviate any frost 
problems due to moisture that may be present within the 
dewar, indicating CaSO, dessicant fills the remaining 
volume at the bottom of the dewar, and a greased rubber 


stopper seals the top. 
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Figure 2-44 Cryostat Used In Experiment 
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Because of the high insulation value of the dewar, 
a 100 2 heater coil is wrapped around the base of the 
cylinder to provide for rapid warm up, and allow some 
temperature control after the nitrogen boil off. 

The cylinder contains a volume of about 80 ml and 
has a mass of about 0.27 kg.- The heater is operated at 
about 45 volts and therefore dissipates about 20 watts. 
For copper, the change in constant pressure enthalpy 
from 77 K to 300 K is about 74 joules per gram, so that 
about 20000 joules are required to warm the system to 
room temperature. From this, and the heater wattage, 
the time required to heat the cryostat may be calculated, 
and is about 17 minutes, in good agreement with experi- 
mental observation. 

With the heater off, the nitrogen boil off will 
take a maximum of about 50 minutes. Since the latent 
heat of vaporization of liquid nitrogen is about 199 
joules/gm, or 161 joules/ml, the total energy required 
to, Dorl “off the nitrogen ts about 13000 joules] Hence, 
from the time required, we may conclude that at 77 K 
heat leaks in at a rate of about 4 watts. The heat 
leakage rate is presumably approximately proportional 
to the temperature difference. Considering the worst 
case of heat leakage,.we get a temperature stability 
of about 11 seconds per degree K (after nitrogen boil 


off). The total warm up time to about 250 K is, however, 
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about 4 hours with the heater off. 

The reservoir Can, Ol course, be boiled dry with 
the application of heat in about 10 minutes or less, 
depending upon its fullness. 

Quickly calculating the amount of nitrogen 
required to cool and fill the reservoir, we have 80 ml 
plus the quotient of the 20000 joule heat capacity of 
the reservoir, and the 161 joules/ml latent heat of 


vaporization of the LN Ori a total of about 200ml. 


54 
This is a very small amount and transferring directly 
from a 50 litre storage dewar is wasteful and awkward. 
As a result, a smaller scale storage and transfer system 
was constructed. A 5 litre dewar is used as a storage 
reservoir. To achieve rapid and efficient transfer a 
simple pressurization system is used. A 50 & resistor 
operated at about 25 volts, and therefore dissipating 
about 12.5 watts, is immersed in the liquid nitrogen. 
This vaporizes the liquid producing about 0.9 ml of gas 
per joule at atmospheric pressure, or about 0.6 ml of 
gas per joule at 1.5 atmospheres. Since the dewar is 
sealed (with the vent closed) pressure quickly builds up 
and sorces' the liquid natrogen through the transfer 
tube. Since a pressure head of about 0.5 atmospheres 


is required to overcome viscosity, an ultimate flow rate 


of about 450 ml/minute is achieved. 
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The actual transfer rate is somewhat slower as 
time is required for the dewar to pressurize, and for 
the transfer lines to cool. Further there will always 
be losses in transit through uninsulated lines. As a 
result the transfer time is about 3 minutes; and about 
three quarters of a litre of. liquid: nitrogen are 
consumed. 

Transfer may be quickly terminated by venting the 
pressurized dewar and cutting the power to the resistor. 

With regard to the details of the cooling system, 
a few extra measures were found to be necessary in prac- 
tice. The contraction of the Tygon transfer line in 
cooling to liquid nitrogen temperatures is of the order 
of a few centimeters. As a result the line cannot be 
directly connected to the cryostat. Instead one end is 
left free, and the intervening span is supported indepen- 
dently ofl ther cryostat.) Liquid nitrogen-falis irom he 
free end, is collected by a funnel, and flows into the 
hollow copper chamber. 

With the transfer line and funnel both uninsulated, 
there is a great deal of condensation and frost build up 
on botheofe these parts. Tor prevent particles of. frost 
or droplets of water from contacting the optical surfaces, 
a simple frost deflector is mounted between the exposed 
cold components above the cryostat and the optical sur- 


faces of the dewar below. 
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Finally, a gentle air flow is directed against 
the external optical surfaces of the dewar to avoid any 
possible condensation. 

The sample temperature was monitored by a copper- 
constantan thermocouple which has a usable response 
extending from slightly below 77 K to well over 650 K. 
Since the operating temperature range of the cryostat 
is) froma/7 K to about 350 K, this is more than adequate. 
The measuring junction was mounted at the upper edge of 
the copper sample support pad, within a centimeter of the 
sample. Under semi-equilibrium conditions this proximity 
should guarantee that the junction temperature is within 
a few degrees of the sample temperature. To insure 
reasonably accurate readings, the second junction was 
immersed near the surface of a water-ice mixture. The 
thermal e.m.f. was amplified by 100 with a chopper- 
stabilized amplifier, and the amplifier output fed into 
the A/D convertor of the data acquisition system. A 
digital voltmeter, which served as a visual monitor cf 
the temperature, was also connected to this amplifier 
OUEDUE. 

Within the data processing system, the e.m.f. to 
temperature function was approximated for computational 
ease by: 


T(c) = 273.16 + 26.1167€ - 0.799167e° 


~ 0.03166672°- 0.03583336" 
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where is sthe-tempéna turer an Kprand 7 is leheveimetn in 
millivolts. This formula is accurate to better than 2 K 
over the temperature range 77K-100K, with greatest error 
near the low temperature end; and to better than 0.5 K 


Brome LOO HO tor 340i. 


2.4 The Data Acquisition and Processing System 


There remain basically two topics: the condition- 
ing and acquisition of the luminescence signal; and the 
acquisition and processing of the rest of the information 
from the experiment. 

Since the greatest experimental difficulty is the 
fluctuation of the laser power level, a significant part 
of the experimental system has already been discussed in 
the section describing the power monitor. The original 
design, as shown in figure 2-30, called for a high speed 
coincidence gate, and a fast rise time sence driving 
a coaxial delay cable, so that the fast luminescence 
peak could be captured in real time by a sample-and-hold. 
However, due to the incomplete state of these high speed 
components, a lower speed compromise version of the sys- 
tem was used to take the data reported here. 

To allow for the 1 usec decision-making time of 
the coincidence gate, the photomultiplier signal is 


integrated with a 30 usec time constant before being fed 
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into the sample-and-hold amplifier. This integration is 
achieved simply with a 100 K2 termination of the photo- 
multiplier, in parallel with stray and cabling capaci- 
tance of about 300 pf. An active integrator-preamp, the 
Canberra 805 scintillation preamp, was tried, but found 
to be very sensitive to the large amount of electrical 
impulse noise present. A better signal to noise ratio 
was achieved with the simple RC circuit. 

Integration itself however reduces the signal to 
noise ratio, as a brief analysis will show. The noise 
from the photomultiplier is almost entirely due to 
thermionic electron emission from the S-1l photocathode 
(unfortunately, the S-l is the noisiest photocathode in 
commercial use). This thermionic noise can be mathema- 
tically approximated quite well by shot noise. 

In the simplest shot noise approximation the 
following assumptions are made: 

lo that the photomultiplier is a current source; 

2. that although amplified, the anode current is 
directly proportional te sthe cunrent from, the photo- 
cathode; 

3. that the photocathode noise is the direct sum 
of random single electron emissions; 

A sthatethe probability Of an electronvenissicn 
from the photocathode is constant at all times, and is 


independent of previous emissions. 
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A mathematically rigorous analysis of the last 
two assumptions leads to a Poisson distribution for 
electron emission at the photocathode, and in simple 


approximation at "low frequencies" the Schottky formula: 


arf) 4 29 
ire Le 


where I(f) is the noise current as a function of band- 
width, n is average number of emitted electrons per unit 


time, and e is the electron charge. Since Dae =ne, 
it is easy to show that the rms noise current over a 


bandwidth Af, i (AE) tsSeoi ven by: 


noise 


el Vas Af . 


sit F e 
noise dark 


A simple derivation can also be performed by 
merely considering the relationship between standard 
deviation and sample size. Given that the standard 
deviation of a sample is inversely proportional to the 
square root of the number of events in the sample, it 
follows that for a period tT the deviation from At will 
be proportional to 1/vnt , but h = loark/®? and t= L/AE, 


therefore: 
i, ox Vehf/i, 
i.e. in = AVeAE/i, 


where A is a constant of proportionality. However, 
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letting Te 1) tani considering samples taken over a 


time of Peer (Af =2n), we have that the peak to peak 


noise current will be: 


ah aS ee ee 
n (t /2) da 


SI 


so that A 


and we have in general that: 


1 = v2i.eAf 5 


We have, of course, so far only considered the 


CUuLrhent at the photocathode. di the gain of the multi— 


plier stages is g, then: 


ep ae pee ad 
and i vagipeAt : 


If the tube is now terminated by a resistance R, 


the output voltage will be: 


Vy = RY2gipedt 


Finally considering a parallel resistor and 
capacitor in a simple approximation as having an 
impedance of R for frequencies lower than £ = 1/2qmRC, 
and an impedance of zero for frequencies above this 


corner, we have for the RC terminated PM that: 
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From the RCA specifications for the 7102 we have that: 


1p = 1900 nA 
gp = 0.23500- 
so that Vy = 2.7 mV which closely agrees with the observed 


peak to peak noise voltage. 

If for simplicity's sake we consider our signal 
to be a rectangular current pulse of amplitude i, last- 
ing about 100 ns, then the integrated signal voltage will 


have a peak magnitude of: 


ie) 


however if the delay to signal acquisition is the then 


the signal voltage will be: 


Thus, with the integration circuitry, the signal 


to noise ratio will be given by: 


ie 
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so that with ty ~ 1 usec, we have: 
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Now if we consider instead a 50 2 10 MHz system 
capable of directly resolving the amplitude of the 100 ns 


pulse we have: 


Vy = RV2gi,e4f = 5.9x10"> volts 
and 
Vo = 1,R 5 


Thus, for a Af bandwidth system of sufficient bandwidth 


to directly resolve the signal we have a signal to noise 
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We can now compare these signal to noise ratios. 
Define r as: 
(Vo/Vu) ag 
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So that with RC = 30 usec, we have for bandwidths of 


10 MHz and 100 MHz: 


Yio = dies 
C100 a 2 : 
Although RC = 30 usec was chosen for technical reasons, 


it is mathematically possible to minimize r for fixed Af 


and ty by setting RC = 2tp- We then have: 


Tio = 62:29 


T100 = 0.9 


From these calculations we may conclude that a 
fast system not only gives exact amplitude resolution 
of fast pulses, but also gives a better signal to noise 
ratio than integrating systems. 

Cooling, Che 7102 photomultiplier to) 7/7eKowiu 
reduce the thermal noise by 6 orders of magnitude; 
however, another limiting factor must be considered. 

To be usable a low level signal must be amplified. The 
fast amplifier immediately available, the Optical 
Electronics model 9826 has a gain bandwidth product of 

1 GHz, but input noise figures of 20 nV//Hz and 10 pA//Hz. 
In a 50 29 10 MHz system this gives an input noise voltage 


2 volts, which is already slightly 


of about 6.3x 10 
greater than the room temperature noise from the photo- 


multiplier under the same conditions. The best available 
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amplifiers have a noise figure of about 1 nV/V/Hz and 
therefore offer only a factor of twenty improvement. 
With our present configuration, the integrated 
signal from the photomultiplier is usually of the 
order of 10 mV with source noise of about 3 mV. Since 
the A/D converter is currently set for 11 bit conversion 
over an input range of -10 to +10 volts, the resolution 
is about 10 mV per bit; therefore, for efficient and 
accurate acquisition the signal should be amplified to 
about 1 volt. Toward this end a suitable amplifier- 
sample-and-hold was designed and constructed. The 
immediate availability of an Analog Devices SHA-2a 
sample-and-hold amplifier greatly simplified the design. 
The basic design requirements were for a pre- 
amplifier with a high input impedance, a 1 MHz bandwidth, 
less than 5 mV of input noise, gain of 100 (40 dB), and 
sufficient slew rate to settle in 1 usec (about 10 V/usec); 
and for a unity gain low output impedance post-amplifier 
to buffer the S/H module. (The high speed requirements 
in the preamp are necessary to allow for acquisition 
1 usec after excitation.) These needs are approximately 
met by the temporary design produced with available 
commercial integrated circuits. The active element 
Uusedstinetimee design 1s) a Farrehiid pA 749 integrated 


circuit, which is an uncompensated operational amplifier 
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which has a pnp transistor with an uncommitted collector 
for wts Cutpuresitages 

The sample/hold control of the SHA-2a is triggered 
by a pulse/delay generator which is itself triggered by 
the output of the coincidence date. The pulse/delay 
generator is present for two reasons: 

1. To allow adjustment of the holding time. 

2. To allow adjustment of the delay time between 
the experiment trigger pulse and the onset of the hold 
pulse. This second feature is especially important for 
measurement of the 0.83 u luminescence which seems to 
reach a maximum nearly 110 usec after excitation. 

In our implementation the pulse-delay generator 
was constructed from two pulse generators: a General 
Radio 1340 pulse generator, and an Advance PG52 pulse 
generator, linked together and appropriately triggered. 
The Advance provides the hold pulse, and the pulse width 
on this generator determines the holding time. The GR-1340 
iSsonly anserted to add trigger delay Tor measurements 
of 0.83 uw luminescence; otherwise the Advance generator 
is triggered directly from the experiment trigger pulse. 

For stable operation the holding time must be 
between 200 usec and 12 ms. This insures unambiguous 
acquisition of the laser pulses which are separated by 
at least 13.3 ms, allows adequate settling time (20 usec) 


for the buffer amplifier, and gives the computer adequate 
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time (100 usec) to measure and store the Signal level. 

A holding time of about 10 ms is usually selected 
to facilitate observation of the sample-hold acquisition 
on the monitoring oscilloscope. Measurement by the 
computer will only take place if a trigger pulse arrives 
while the computer is not busy. 

Signal averaging and further measures to reduce 
noise content take place in the computer. The computer 
used is a DEC PDP-8e with 8K words of storage. The PDP-8e 
operates with a 12 bit word, with two's component single 
precision integer arithmetic, and a memory cycle time of 
1. 23sec. 

The PDP-8e is currently interfaced to two devices: 
an ASR-33 teletype/paper-tape-reader-and-punch; and an 
Analogic AN5800 A/D converter. Extensions have been made 
to the A/D interface to allow the implementation of two 
extra features’ 

1. 3 bits of buffered digital output capable of 
data transmission at rates of up to 250 KHz per bit; 

2.°An externally triggerable flag: 

The Analogic AN5800 A/D conversion system is 
currently operating with a 4 channel multiplexer, an 
internal sample-and-hold to insure stable conversion, 

S10 to 410®volt’ range, and a 13" bit two's complement A/D 
converter. The 11 most significant of these 13 bits are 


transmitted to the computer. The multiplexer inputs are 
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Single ended, and the multiplexer is operated ina 
random address mode. It has a full power bandwidth 

of about 200 KHz, and a settling time after channel 
Switching of about 5 usec. Because the sample-and-hold 
amplifier also requires about 5 usec to settle (to 0.013 
eeer een ms it remains in sample mode for approximately 

7 usec after the convert command is issued before 
returning to the hold mode with the newly acquired 

data. (Jitter in the sample-and-hold triggering is 

of the order of 10 ns and not Significant.) Conversion 
begins 0.2 usec after the sample-and-hold acquisition, 
(thus allowing time for the switching transients to 
decay) and proceeds at the rate of about 6 usec/bit. 

The total conversion time from the issuance of the convert 
command to the end of conversion is therefore about 

86 usec, so that the maximum throughput rate is about 
PAG PKHZ. | With “an acqudsztion time ‘of aboutr/ eisee the 
A/D conversion system is capable of Sie Signals up 
tova dinequency limit of about 140 KHz. The converter 
suffers from slight scale, offset, and drift inaccuracies, 
and is accurate to only about 0.05%. 

The computer system, with its limited I/O, is 
operated under the DECUS interpretive language FOCL/F? 
FOCL/F is a derivative and extension of the DEC inter- 
pretive language FOCAL. FOCH/F “iis a thugh weve bisingle 


user language specifically designed to be plastic and 
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flexible. It is capable of self-modification and allows 
definition in machine language of new commands and func- 
tions. It requires no supervisor since it has storage, 
editorial, and executive modes, and keyboard interrupt, 
to allow for easy development, modification, and execu- 
tion of programs. By defining functions (in machine 
language) to handle the detailed I/O subroutines for the 
A/D converter and the experiment system, it is possible 
to retain great flexibility in the architecture of the 
software controlling the experiment system. Finally, 
FOCL/F operates with double precision (6.9 digit accuracy) 
floating point arithmetic, and contains the necessary 
supporting software for this. 

The price of this flexibility and convenience is 
the loss of execution speed common to interpretive 
languages. With our current operating program about one 
tenth of a second is required to process each event 
acquired. This slightly slows data acquisition but is 
not a major problem. 

In the specific configuration of this experiment 
the computer monitors four inputs from the experiment, 
and outputs data to the teletype and paper tape punch. 
When a laser pulse of suitable amplitude is produced the 
output of the coincidence gate sets the externally trig- 
gerable flag, and the computer measures and stores the 


signal level captured by the luminescence channel sample 
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Figure 2-54 Program Groupings 
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and hold the computer, then measures and stores the Signal 
from the chopper reference output, and finally measures 
and stores the amplified output from the thermocouple. 
Thus, the luminescence signal, the state of the chopper, 
and the sample temperature are stored every time the 
computer is triggered. The data after processing is 
outputed to the teletype and punched out on paper tape. 
Since about 90 ms are required to process each event, and 
data events may occur as closely together as 13.3 ns, 
some data events are lost simply because the computer 

is busy and not receptive (see figure 2-52). 

Because of this speed problem, the data processing 
done in real time, during acquisition, is minimized. As 
a result the data processing and formatting programs are 
separate from the acquisition program. To utilize the 
available Calcomp plotter and Tektronix CRT displays 
for data presentation, auxiliary programs were written 
for the MTS system. Data is transferred from program to 
program and machine to machine by means of punched paper 
tape. The organization and grouping of these programs 
and program segments is shown in figure 2-54. The actual 
source listing of all programs used are in Appendix I. 

The acquisition program (FOCL/F groups 1, 20, and 
21) acquires and organizes the data, producing a sequence 
of paired averages. Each pair consists of an averaged 


thermocouple e.m.f., and the averaged luminescence signal . 
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level, so that the computer monitors L(T) at the exter- 
nally specified Ao I. , and Moe These pairs of averages 
are printed on the teletype in real time as they are 
acquired and computed. When sufficient data has been 
acquired, the operator stops the active acquisition with 
a keyboard interrupt, and initiates the output segment 
of the program (group 10) which produces a punched paper 
tape containing all the acqtired data. 

The data on this tape may then be re-entered into 
the computer. In the computer, the data is edited and 
the thermocouple e.m.f.'s converted to absolute tempera- 
tures. A labeled formatted tape with the sequence of 
temperature-luminescence pairs is then punched. This 
is achieved with the program material in FOCL/F groups 
25,520, 2) and 26. 

The labeled formatted data may then be dmepiaved 
graphically or plotted by means of programs written (in 
FORTRAN source code) for the Amdahl 470 MTS system. 

Of greatest interest are the details of the data 
acquisition program. This program is a very straight— 
forward averaging and noise subtraction routine. 

Because of the presence of the mechanical chopper in 

the path of the optical excitation, it is possible to 
maintain two separate averages: an average of luminescent 
response to excitation, and an average of electrical 


noise present under identical conditions with 10 
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(n=number of events averaged 
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Figure 2-55 Acquisition Program 
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excitation. By subtracting the second from the first 
(dark from excited), it is possible to eliminate the 
effects of any offsets in the system (dark current, D.C. 
amplifier offsets, etc.) as well as the effects of any 
background pulse noise that might occur synchronously 
with the luminescence. 

The number of events to be counted in each aver- 
age, N, 1S specified by the operator at the program's 
PHitiaLitacion (n is ,usually 50)> The, data acquisition 
program then begins by setting three sums equal to zero: 
a “temperature" (thermocouple e.m.f.) sum, a "dark" sum 
(luminescence channel, chopper blocking), and a "signal" 
sum (luminescence channel, chopper transmitting). 
Acquisition is initiated by calling the specially defined 
subroutine FNEW. When a suitable laser pulse occurs this 
subroutine will return three values: the luminescence 
signal, the chopper reference signal, and the amplified 
thermocouple e.m.f. The program will then decide accord- 
ing to the chopper state which sum should be incremented 
(VEether chopper State 1s ambiguous, i.e. 2f the reference 
level is halfway pee eee the light and dark values, the 
event is rejected, and the program returns to wait for 
a new event.) Before incrementing either the "dark" or 
"signal" sums the program checks whether a sufficient 
number of events have already been acquired in the 


selected channel. If the selected channel has sufficient 


‘* 2 
a qT 


WEE 
' a Bets : re 
> : : i 7 oe = 7 
shea 


if 
38° ett mons habe 3d3 pn once ’ 
nie adsnimito eh widtanon 22 43 Be 4258 342 
; 9.0 erearaus 23e8) m5 oe se 25 itt ‘6 + a0. 
tq esa0tas Sid apoiiew @2 (.9-5 


, 


= . 
“PlaM “Hsnve THDSSo Sie in ~ens Su Con on * Si " . 
asvammimat ods 
eas ai batapop eadvos 2inev9 76 se 7 
a'r arty $6 TOoJateqdo oh- 4 ogre toegered f 7 \9Ps 
(Oe wil y Bb oe 


bape mua! satis prisgtss YO A urged any mBrEe u¢ 


mM ‘s18D° # mre. (ot.m. Slay of F2 
(Tiare i ¢ tj : 1eieete vac t-y ‘nana 
rit Enaness 21) {> ne . B55 
bay tied issppde Sid patliso ya vesrssaay 
tia awawove Belso teear oidess: -onW 
essnss2enined SA ftoll.ev.s330). Hiegse 


= * A . 7 i) . : 
Heslitiqik sod O06, ~L BAILS SalsaseS1 Ss 3 {ois ang | pss 
: 
, Dh ao 
ares fs ‘ ao nT : 7 ee. 
TOD 7oOLo9 nonay Lliw ne reonm. sn iin 2 SL qn ooemrs on: 


: z Pp ee 
Ses toners f bipone mee. towaw o25ce raggerts: 


~ 4 % & - a ss a ont e 
SONSyarsyt sha ti .2.4 Javoup kings at 
mm, =i - al - © a 
ONS ,sOirii n2eb baa tigi l srs) a 


1603. siaw oF enyase1n /MSTBOrG ais Hf 


toa “Raab” anc aeiz,s) pris Gee ini stots i 

p ren? é 

7 | Seelocitye s, a asoaa “eRBORg al 
| ae 

7 a rs mt beztypos. fead Yaa hae a ved 


‘yal — ont caciian findealfas bits 8 


rs : oa 


25 


events (i.e. if the newly acquired event was a "dark" 
event, and n dark events have already been acquired) 
the newly acquired event will be rejected, and the pro- 
gram will return to await new events. If not, the 
selected sum will be incremented. 

When either of the two luminescence channels is 
incremented, the thermocouple e.m.f. will then also be 
added to the "temperature" sum. The program now checks 
whether a sufficient number of events have vet occurred 
in both channels. If not the program returns to FNEW 
to wait for another event. 

If n events have been reported in both luminescence 
channels (i.e. n events in the "dark" channel and n events 
in the "Signal" channel) the program then divides the 
"Signal" and "dark" sums by n and the "temperature" sum 
by 2n. The "dark" average is then subtracted from the 
Wsignal” average to produce “a true “average ob the Tumin— 
escence signal. 

The program then turns the teletype on and types 
the acquired data point. The pair of averages wilt ®also 
be stored in a pair of long vectors and the storage index 
incremented. 

When a sufficient number of data points (averaged 
Bae) have been acquired the operator may stop acqui- 
sition with a keyboard interrupt and direct the program 


to sequentially retrieve the data points and punch them 
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out on a paper tape. 

Averaging the signal over n events reduces random 
fluctuations by a factomjof vni so that typically with 
590 events to each average this reduction factor is about 
7. The two most significant sources of error affected 
are: the random noise from the photomultiplier and ampli- 
fiers which will be reduced (in the mean) to about 0.7 mV 
(OL erlfective input noise); and the fluctuations in signal 
due to the finite width of the discriminator aperture, 
thus a typical 7% fluctuation in signal (allowed by the 
discriminator) is reduced to a 1% fluctuation in the mean. 

An earlier generation of this proqram also stored 
(during acquisition) the sums of the eee Of the indi— 
vidual events thus allowing immediate specification of 
the standard deviation. This feature was eliminated for 
two reasons: 

1. It required a considerable amount of extra 
computing time, and thus increased the system "dead 
time". 

2. The consistencv and reproducibility can be 
directly (and more authentically) measured by taking 
repeated readings under constant conditions. 

The detailed structure of the fast machine lan- 
guage subroutine FNEW is very simple and shown in figure 
2-56. The subroutine is called with the command format 


"Sat Y= FNEW(X)". The quantity specified by the value 
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of the function is controlled by the value of its elbate (ule 
ment: FNEW(0) returns with the luminescence value, 
FNEW(1) returns with the chopper value, and FNEW(2) 
returns with the thermocouple value. This triple return 
is necessitated by the fact that function returns must 

be scalar in FOCL/F. As a result the first part of the 
FNEW subroutine simply sorts to select which of the three 
routines to execute. FNEW(0) however is special: it is 
also the call for the fast data acquisition routine. 

The fast data acquisition routine begins in wait 
loop with a 2.4 usec cycle time. Escape occurs only 
when the externally triggerable flag is set. Triggered, 
the routine calls an A/D subroutine which measures the 
Signal level at multiplexer input 1 (the luminescence 
Signal). This measurement then is repeated. Only the 
second value is stored. The purpose of the first measure- 
ment is simply to clear the circuit, and to allow the 
sampled luminescence signal to settle accurately in the 
electronics preceding the A/D converter module. Each of 
these measurements takes about 100 usec, so that appro- 
ximately 200 usec after the experiment trigger, the 
chopper reference on multiplexer input 2 is measured and 
stored. (It is retrieved with FNEW(1).) The amplified 
thermocouple e.m.f. (on multiplexer input 0) is then 


measured and stored (to be retrieved with FNEW(2)). 
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Finally, the measured luminescence value is retrievec, 
and the subroutine returns to the main program. 

The delays to the luminescence and chopper mea- 
Surements (of 100 usec and 200 usec respectively) are 
responsible for slight errors. The SHA-2a sample-and- 
hold has a maximum droop rate of 100 ywV/yusec, so that 
the 100 usec delay could produce a droop in the held 
level of as much as 10 mV. The sample-and-hold is however 
at the output of the x100 amplifier, so that this 10 mv 
COEresponds to a lossyoft only 0.1 mV of Signal) at the 
Snowe. 

Considering the chopper error, the 200 usec 
measurement delay is very short relative to the chopper 
rate of 13 Hz (aperture time 38 msec). As a consequence 
the simple probability of error in measuring the chopper 
state is about 0.005. This figure will however be 
further reduced with the rejection by the main program 
Gf transitional “chopper states. 

On an ordinary sample of 50 "signal" events and 
50 "dark" events each error in evaluation of the chopper 
state would create a 2% decrease in the value of the 
difference "signal" minus "dark". Since the total sample 
size is 100, and the probability of this binomially dis- 
tributed error is at worst 0.005, the expected number of 
chopper errors per sample is 100*x Ol 00nF = "0.5, sO -taac 


the expected percentage error is at worst 1%. 
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Figure 2=57 Chepper Geometry 
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Figure 2-58 Ring Sector Approximation 


To allow adjustments in FNEW a special auxiliary 
subroutine is present in FOCL/F group 30. The subroutine 
is principally used to make the alterations necessary for 
measurement of the 0.83 u luminescence. Because of the 
Slow rise time of this luminescence acquisition by the 
external sample-and-hold is delayed by about 110 usec so 
that a similar delay must be inserted between the escape 
from, the loop and the first acquisition. The subroutine 
in group 30 is also used to remove this delay before 
returning to normal operation. 

One last topic remains, this is a discussion of 
some specific errors generated through the use of the 
chopper. The chopper aperture spans approximately 10 cm 
at the radius where the 1 cm diameter dye laser beam 
passes through. As a result for about 10% of the trans- 
mission time only a part of the laser beam is transmitted 
(as the chopper blade partially blocks the beam), and 
for about 10% of the dark time a part of the laser beam 
leaks through. 

To simplify the mathematics let us assume that 
the beam shape is that of a sector of a ring, and that 
the aperture spans a sector angle v times that of the 
ring sector. Considering the transmission as a function 


of time, we then have for the open (ExcanSsmMLtting) scycic: 


Ty (t) Wey for Ue eh sey 


1 LOG oT 9S ae 


T(t) 
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where t is the aperture time; and we have for the dark 


cycle: 
Ty (t) = (1 -vt/T) for Ole t= ty 


Ty (t) = 0 EOE T/A Seat ee 


The expected values of transmission therefore are: 


ih 
E(T)) = 3107 | Tae) dt= 1) = 27) 
0 
i 
E(T,) = 1/t | Bi(t) dt = 1/2v 
0 
Further, 
o 
2 2 
E(T)) = l/t To (t) dt = l=" (273y) 
0 
ip 
2 Z 
E (TQ) ae | T(t) dt = 1/3v 
0 
so that 
o2 - o2 ° 4v - 3 
Oey €o bi dioye 
For the difference T = Io ta we therefore have: 
Un = 1 - (1/v) 


Aix7 then A 
co. = /———— : 
T ee 


For a sample size of n we therefore have: 
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so that p the percentage of random error in the acquired 


data is: 


p = 100 x o/L = ————___ 4 
v-l 


For our particular case the sample size is 50, and the 


1 cm laser beam interrupts the chopper blade about 6.5 cm 


from the center of the chopper so that: 


Ou e 
a = LOws 
uw = 0.902 
Deg= 3786 em. 


Thus this transmission timing error attenuates the mea- 
sured signal by about 10% and contributes a random error 
of about 4% to the measured averages. Since the atten- 
uation is a constant systematic error, and we are not 
making absolute measurements, it is of little signifi- 
cance. Unfortunately however the 4% random error is one 
of the most significant in the entire experimental 
system. It can easily be eliminated (for future data 
acquisition) by simple RC filtering of the chopper 


reference signal. This will prolong the "indeterminate" 
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states so that the partial transmissions and leakage 


will be rejected as data. 


2.5 Summary 


In brief, considering the experimental system as 
a whole, we are able to measure the near IR photo- 
luminescent response to pulsed visible excitation. The 
system is currently set to measure the Luminescence as 
a function of temperature at specified excitation wave- 
length, excitation intensity, and output wavelength 
(wavelength of measurement). Further the excitation 
eNOS excitation intensity, and wavelength of 
measurement are all variable. 

Specifically, the sample temperature can be 
controlled and measured to an accuracy of better than 
3K over the range 77 K to 340 K. The excitation wave- 
length is variable over the range 0.5700 U to 0.6350 4 
With eaAspectnal puraty of 0.0025. The excitation jis in 
the form of 150 ns pulses whose power level is directly 
variable between 1 and 100 watts. 

The detection system is capable of monitoring 
luminescent emission from 0.6 uw to 1.0u with a spectral 
resolution of better than 0.033 u. The system is further 


-3 
capable of detecting emissions of the order of 10 


watts (at the sample surface), and of measuring emissions 
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= ‘ 
Cre LO watts or greater with an accuracy of better than 
53. Finally the system is reasonably quick, convenient, 


and efficient in operation. 
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CHAPTER 3 


RESULTS 


370 “Results 


The ultimate goal of the specific program of 
research established here was to measure the lumines- 
cence as a function of excitation wavelength, excita- 
tion intensity, and sample temperature for a number 
of carefully prepared samples. The development by 
Other workers in our research group of improved 
annealing techniques promised to make available samples 
with reproducible characteristics. Unfortunately due 
to time limitations and equipment breakdowns only the 
most preliminary results have so far been obtained. 

The measurements reported here are all on the 
luminescence of one specific single crystal sample 
prepared by Duvvury and designated SC-ll. It was 
prepared by slow oxidation of a 0.5 mm thick strip of 
copper about 10 cm by 2.5 cm. The oxidation was done 
at 1000 C in a nitrogen atmosphere with slow oxygen 
feed. Oxidation took about 4 days. The completely 
oxidized sample was then annealed in a 5% oxygen 95% 
nitrogen atmosphere for about 20 hours. It was cooled 
in high vacuum (approximately 100 torr) at an appro- 


ximately uniform rate of 150 C/hour. This produced a 
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sample which by its behavior would seem to be slightly 
copper enriched. 

Although many specific choices are possible in 
the variation of the other experimental parameters 
(A; /I;,T,40) the data were taken by varving T at fixed 


r. 


yt; 


A, and ho: The luminescence was measured in tri- 
plet data sets, one temperature variation being made 

for measurement at each of the three output peaks 

(0-72, u—- Leiss setting 918, 0.83 w- Leiss 931, 0593 u-— 
Leiss 938) so that we have at each excitation wavelength 
Lo .72'T), Ly 93(T), and Ly 93!T)- The excitation wave- 
length was altered by steps of about 120 A so that we 
have triplet data sets at each of 5960 &, 6080 A, 6200 A, 
and 6220 A. (Additional data sets were taken for the 
0.93 u luminescence at an excitation wavelength of 

5905 A.) The incident intensity was held constant. I; 
was chosen to be a moderate level (about 30 watts) to 
allow for easy operation and stable variation of wave- 
length. 

Although it might seem of more interest to 
measure Bie (A5) at specitied T, this 1s technically 
difficult with our dye laser. The beam shift caused by 
the chromatic dispersion makes it very difficult to 
continuously sweep excitation wavelength and maintain 
well focused optics. It is easily possible however to 
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measure Ly m (A) as was done in our preliminary paper . 
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The positions of the output peaks seem to be moderately 
Stable so that measurements at the peaks yield Pain Ly 
good data. 

Certain systematic errors not discussed in 
Chapter 2 complicate comprehensive measurements. They 
are: 

1. Misalignment of the collimator 

2. Misalignment of the Leiss optics (equivalent 
to shifts in sample position) 

3. Frost, vapor, Or condensation in the optical 
path. 

Within a given data set (set of points taken over 
varying temperatures at specified Ai rAQ) errors 1 and 
2 do not seriously affect the quality of the results. 
Although they may decrease the absolute signal level 
the relative temperature function will remain approximate- 
ly the same. It is unfortunate however that all three 
of these phenomena decrease the absolute signal level. 
AS a result comparisons of output intensity at different 
Wavelengths of excitation are slightly tenuous. The 
best that can be said is that of multiple data sets 
which have been taken under "identical" conditions, the 
one which shows the consistently largest values is most 
likely to be the truest data. For this reason it is a 


preferred procedure to take more than one data set for 
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each set of excitation conditions to allow for direct 
comparison and verification. 

The results are shown in figures 3-1 to 3-24. 
These fitures are grouped according to output wave- 
length and appear in order of increasing wavelength. 
Within each group the results appear in order of 
increasing excitation wavelength. Where more than one 
data set has been taken at the same wavelength of mea- 
Surement and excitation wavelength, the data is merged 
if very consistent. If there is significant variation 
in data each temperature set is first displayed separately, 
and then the merged data. 

The excitation wavelength, wavelength of measure- 
ment (Leiss setting), and numerical label of the displayed 
data are shown on each figure. The data shown in figures 
3-1 to 3-24 are all normalized so that the maximum value 
occurring in each temperature set appears as 10. A 
detailed list of the acguired data can be found in 
Appendix II. 

Examining the figures a number of things are 
obvious: 

1. The shape of the 0.72 y luminescence tempera- 
ture function seems to vary little with respect to wave- 
length of excitation. This is especially clear upon ex- 
amining figure 3-25 which shows the 0.72 yu output curves 


overlaid for the various wavelengths of excitation. The 
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shifted points from data set #126 are probably due to an 
erroneous low temperature point. The normalization then 
causes an apparent shift of the curve toward higher | 
temperatures. 

2. The 0.93 u luminescence seems to show a pre- 
ference for reddér excitation at higher temperatures. 

3. The 0.83 u luminescence seems to display some 
Similar sensitivity to the high temperature red excita- 
tion. Comparing figures 3-15 and 3-24 one finds the 
onset of the high temperature excitation at 6320 A to 
occur at about the same temperature (220 K) in both cases. 

4, Aside from this peculiarity the 0.83 u tempera- 
ture function appears to be fairly constant. Figure 3-26 
displays the cumulative 0.83 u data (over varying exci- 
tation wavelength) which appears to be stable, with the 
possible exception of a slight shift toward warmer tem- 
peratures with redder excitation. 

As mentioned earlier set to set comparisons of 
absolute signal level are tenuous. The best data (i.e. 
the data with the largest values) has been selected for 
the non-normalized curves in figures 3-27, 3-28, and 
Ba2or 

From figure 3-27 it is again apparent that the 
0.72 u luminescence is fairly regular in its temperature 
behavior showing a preference for yellow excitation but 


no basic structural change in the temperature function. 
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To simplify distinction of the separate data sets, 
the 0.83 u output curves in figure 3-28 have been con- 
nected by lines. The regularity of the luminescence is 
approximate and not quite as evident with the quality o£ 
data presented here. 

Binally the yield of 0.93 i Juminescence in figure 
3-29 seems to show little absolute sensitivity to tempera- 
ture, but a definite shift toward red Excitation at warmer 
temperatures. The yield in the red may in fact be 
Slightly larger than shown as the peak output wavelength 
shifts towards 0.96 uw at room temperature. The 5905 A 
results seem to be anomalously low and this is probably 
an experimental error. 

A few other observations can be made: 

1. The amount of scatter and error in a given 
data set correspond approximately to the limits sSpeci- 
fied in Chapter 2. For example, examining the data in 
figure 3-18 the spread turns out to be approximately 
equivalent to 0.7 mV which is the specified PM—-anplitier 
input noise. 

2. Bs Mentioned previously the temperature data 
curves are quite consistent within themselves even though 
the absolute value of the data varies from data set to 
data set. This is fairly evident in the data presented 
in figure 3-1. Here two separate data sets with absolute 


levels differing by more than a factor of two are merged 
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almost indistinguishably. 

3. The relationship with increasing temperature 
between the decline of the 0.72 u luminescence and the 
increase in the 0.83 u luminescence (see figure 3-30) 
is suggestive of competition or conversion of centres. 

If our data set to data set comparisons may be 
believed then it also is apparent that the excitation 
functions of the 0.72 uw luminescence (figure 3-31) and 
of the 0.83 uw luminescence are quite different (figure 
3-82). These excitation functions are reported for the 
temperature at which maximum output is observed, i.e. 
77 K for the 0.72 u luminescence and about 160 K for the 


0.83 uw luminescence. 


3.1 Summary and Conclusions 


From our preliminary results we may tentatively 
conclude: 

1. That the 0.72 u and the 0.83 u luminescence 
temperature characteristics show enough stability with 
respect to excitation to allow straightforward measure- 
ment (and possibly modelling) of the temperature 
function. 

2. That the 0.72 pw and the 0.83 yp luminescences 
appear to have different excitation mechanisms. This 


is evident from the differences in their excitation 
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curves and time characteristics and is a point which has 
been very little discussed in the literature. 

3. There is evidence of a possible link between 
the 0.83 u and 0.93 u luminescences in the high tempera- 
ture red excitation. If this is the case it may indicate 
, that the 0.83 yu luminescence may be specifically identi- 
fied with the complex Vig as suggested by Bloem-°. 

4, There is strong evidence that the excitation 
of the 0.93 u luminescence is connected with the posi- 
tion of the optical absorption edge. According to the 
. formula of Nikitine ee ene wave number of the absorp- 


tion edge in cm +t is given by: 


5 Ui ae 


Yoe= 165106 (eee 695 10 abe Oe eT ee 


At 77 K this positions the absorption edge at about 
6080 es and at 300 K at about 6320 A giving a shift 

of about 240 A over the 223 K temperature change. 
Examining the data we find a shift of about 330 A over 
this temperature change. To clarify this point (i.e. 
whether the red shifting of excitation at high temper- 
atures is related to the band shift) detailed studies 
on the same sample making specific comparisons of the 
shift in excitation versus the shift in absorption edge 
must be made. If this hypothesis is true it tends to 
indicate a strong excitonic mechanism in the visible. 


One thing is certainly. true, any investigation of the 
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thermodynamics of the 0.93 u luminescence must carefully 
take the excitation wavelength into account. 

These results in themselves are very incomplete. 
More detailed work must be done on a large number of 
samples. However, an apparatus enabling better measure- 
ments has been developed and it is hoped that with the 
continuation of this research on the extrinsic lumines- 


cence of cuprous oxide a more concrete understanding of 


its mechanisms may be reached. 
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Normalized Display Routine (FORTRAN) 
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200 
250 


REAL 1 (120) ,L (120) 

ENTSGHROCHAR (ta) /0eily in Spd gio Te Onde TO tela etsy 
DIMENSTON 1T2(3) ,T3(4) 

FORMAT (A4) 

FORMAT (3A4) 

FORMAT (4A4) 

FORMAT (12, F6.4) 

FORMAT (hyo ane), 3)) 

FORMAT (T3,F3.0,T8,F7.4) 

FORMAT (212) 

READ(1, 103) KK, KI 

CALL PLOTS 

CALL PLOT(2.0,-8.0,-3) 

DO 250 JJ=1,KK 

CALE SLOr(o. 0, 10.5,—3) 

READ (1,100) K, FACT 

CALL FACTOR (FACT) 

CALL AXESZ (0207, 050 7 2 RMERRATURE SUN KU =aGy GieOl, 0.05/00, 10S OF 0) 
CALE ARES 2 (0207 0-0, (RELATE VE OU TEU pio 7a U9 Olm Og — 20 0lg 20 Opin =O)) 
CALL PLOT(0.0, 10,5) 

CALL DASHPT(8.0,1.0,90. 1) 

CALL PLOT(8.0,6.0, 3) 

CALI. DASHE TCO OF, Gre 0) ,0ler 1) 

DO 200 J=1,K 

READ oT) Et 

READ(1, C8). (721), 2-178) 
READI1,99), (E3(1),, 421, 5) 
XX=0.5+4 (2.5% (J-1)) 

(Chih SyAaKwOih(Coen 1ow p Wa tlag ila Woy 2) 
NEG EAA MIO OO’ of oO pn Wo U5 WA7 OoWn WE) 
QVGlb SrMsORn(Oec Oc Us VSp Wn Wa, Wo) 
CAL SV NBOL (ert le a Ol Omni oy ot 4 OF 23219, Or Oly 4) 
READ(1,101)S,W 

N=-N 

DO 110 I=1,N 

READ (1, 402) G(r) bt) 

L(ly=L (1107S 

T (N+1) =0 

L(N+1) =-2.0 

T (N+2) =40.0 

L (N+2) =2.0 

GUVinit, THIN CMa ails Up saly wa) 
CONTINUE 

CALL PLOT (220,260,999) 

STOP 

END 
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Non-Normalized Display Routine (FORTRAN) 


105 


250 


REAL 1(120) ,L (120) 

INTEGER CHAR (14) £0, 1,2, 3¢ 40556) Ve Oy Fe Wy Ble ley 127 
DIMENSION T2(3) ,T3 (4) 

FORMAT (A4) 

FORMAT (3A4) 

FORMAT (4A4) 

OMA TD (2 er Grea) 

ORM AT (Eile 6a) 
PORMWAT (VS, Pols Op oy Biot) 

FORMAT (212) 

RED A 10S) KR, Ko 

CALL, PLOTS 

GU NOB Cs Ops « 0)5—S}}) 

DO 250 JJ=1,KK 

CALLE PLOM (ORO, t0s5,—'3) 

READ (1,100) K, FACT,R 

CALL FACTOR (FACT) 

CALDWAXIS2 (O50 00 TEMPERATURE sie Kt yp —ilOiy GislOly Ole Oly Ole Og Ole Wyn tra G)) 
CATT ARS 2 Orr Oly Oa Operas A LiL) OU TOE: el gt Oly 01 Oly = 2 Oryza Opal) 10) 
CALL PLOT(0.0,1.0, 3) 

CALL DASHPT(8.0,1.0,0. 1) 

CALL ELROD (807 Gia 0) pr) 

CALL DASHPT(0.0,6.0,0. 1) 

DO 200 J=1,K 

READ (1,97) 11 

RAVAD (lp SO ee 2) Ce) ep) 
READ(1,99) (T3 (1) ,1=1,4) 
XX=0. 5+ (2. 5* (J=1) } 

CyMigt Swen O65 Yoo Ve toot, Os ps) 
COMol, SYOUBOIKOO65 7a 5s TS p Ue Wo. WZ) 
Cin Sate Oo plas Si Ws tops Osllls Ws) 
GALL SYMBOL (XX+1.5,7.07, 0-15, 0440023 2191, 01. 07,4) 
UEC GO) eka 

K=-N 

DG 110 I=1,N 

III (Cy THOR aR (IL) vee) 

L(I) =L(1)*10/R 

T (N+ 1) =0 

1G (MEP MN Sa2aw 

T (N+2) =40.0 

L(N+2) =2.0 

yas OGIO (OP IG Gis I phot we U)) 
CONTINUE 

CALE PLOM G25 072 0), 9.99) 

SLOP 

END 
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List <oL Data 


Label # Wavelength of Excitation Maximum 
Measurement Wavelength Signal Level 
v A mV 
L30 Oi 2 5960 Sika 
Seales, Oa72 5985 Too 
cea OR 2 6080 26.03 
“124 hs th 6080 36.7 
sa} Del Eo} One 6200 aloes) 
ta BE HS) On72 6320 ileep 
Porn 1 Oyane ge 5960 edt Es 
va NEA, G.83 6080 L3o 
Vz3 0.83 6080 Ire 
136 Owes 6080 As hte) 
cd Naty O83 6200 Pa ee 
Ld NESS 0.83 6320 
138 0733 6330 Ore 
* 140 0295 5905 
141 0.293 5905 
* 129 0.93 5960 20.2 
* 120 0293 6080 20.2 
* 125 0.93 6200 18.4 
128 O53 9s 6200 16.8 
134 Ie 6320 8.5 
e137 Gwe 6330 17.3 


Sets indicated with an * were used in non-normalized 
data plots. 
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